THE  RFL^.llONSHIP  BETWEEN  MYOCARDIAL  BLOOD  FLOW  REDUCTION 
m  TIETERObENElTY  OF  ISCHEMIC  INJURY  FOLLOWING  EXPERIMENTAL 
CORONARY  ARTERY  OCCLUSION  IN  THE  CANINE  MODEL 

— - * - - 

MARK  IAN  BLOCK 


1987 


Pemission  for  photocopying  or  microfilming  of 

"  ^uf6  €»toe^  A-^rvo  Kgcc>v;crio«Nj  /yop 

V\^reyzt>b€^^\v^  (jf-  XA/?>>»g/  ^ _ "  for  the  occloSid-^  ia) 

-7>h£  6/Wi''*^ 

purpose  of  individual  scholarly  consultation  or  reference  is  hereby 
granted  by  the  author.  This  permission  is  not  to  be  interpreted  as 
affecting  publication  of  this  work,  or  otherwise  placing  it  in  the 
public  domain,  and  the  author  reserves  all  rights  of  ownership 
guaranteed  under  common  law  protection  of  unpublished  manuscripts. 


(Printed  name) 


(Date) 


Digitized  by  the  internet  Archive 
in  2017  with  funding  from 
Arcadia  Fund 


https://archive.org/detaiis/reiationshipbetwOObioc 


--.■Ar '■■■: 

:■■*.' 


;.V“  '•',  " 


14^  *'■£.  ,, 

t-4 


,,'(■  w- 


•  "  1>  .,.■> 

'  '^Ai 


The  Relationship  Between  Myocardial  Blood  Flow  Reduction 
and  Heterogeneity  of  Ischemic  Injury 
Following  Experimental  Coronary  Artery  Occlusion 
in  the  Canine  Model 


A  Thesis  Submitted  to  the  Yale  University 
School  of  Medicine  in  Partial  Fulfillment 
of  the  Requirements  for  the  Degree  of 
Doctor  of  Medicine 


Mark  Ian  Block 

t  ^ 


1987 


Med.  Ufb 

<113 

j-Yl'l- 

^4qq 


ACKNOWLEDGEMENTS 


To  Michael  C.  Fishbein,  M.D.,  whose  guidance, 
encouragement,  friendship  and  patience  have  been 
instrumental  in  my  growth  from  an  undergraduate  to 
a  senior  medical  student;  this  represents  only  a 
small  part  of  the  unending  contributions  you  have 
made  to  my  education.  To  Marcus  Schwaiger,  M.D., 
for  his  assistance  from  the  experimental  design  and 
execution,  to  the  analysis  and  writing.  I  would 
also  like  to  thank  S.  Evans  Downing,  M.D.  for  his 
confidence  in  me  and  his  help  in  shaping  the 
finished  product,  and  Charles  Chan,  M.D.  for  his 
invaluable  assistance  with  the  statistics,  often  on 
short  notice.  Additional  thanks  to  Heinrich 
Schelbert,  M.D.,  without  whose  eager  collaboration 
this  would  not  have  been  possible,  and  to  Williiam 
Wijns,  M.D.  for  his  technical  assistance. 

Certainly  this  list  would  not  be  complete 
without  the  mention  of  my  parents,  who  will 
undoubtedly  say  "you  shouldn't  have."  I  could  not 
have  chosen  two  better  in  the  whole  world. 


V  MU 


■J 


'  '  f  4W.  ■  ■  *  « 

*■  I  '• 

>i-- 


'  I  .  If 

•  r  «  •  * 

■r  ,  W 

*  -1  .  * 

't  *  ♦  w 

I  w  '  '  ."'•t'dU 

I  -f  t  ttw.  *  #‘n»'t 


ABSTRACT 


The  Relationship  Between  Myocardial  Blood  Flow  Reduction 
and  Heterogeneity  of  Ischemic  Injury 
Following  Experimental  Coronary  Artery  Occlusion 
in  the  Canine  Model 

Mark  Ian  Block 
1987 

Early  in  the  evolution  of  a  myocardial  infarction  there 
is  heterogeneity  of  ischemic  injury  within  the  region 
supplied  by  the  occluded  artery.  To  examine  the 
relationship  between  morphologically-delineated  myocardial 
injury  and  blood  flow  reduction  nine  closed-chest 
anesthetized  dogs  were  studied  during  a  three  hour  left 
anterior  descending  (LAD)  coronary  artery  occlusion.  The 
"area  at  risk"  was  delineated  by  injection  of  monastrel  blue 
dye  into  the  left  ventricle  (LV)  immediately  prior  to 
sacrifice.  Ischemic,  glycogen  depleted  zones  were 

identified  by  periodic  acid-Schiff  staining  of  giant 
histologic  sections,  and  necrotic  zones  by  gross  tetrazolium 
staining.  Prior  to  and  following  LAD  occlusion,  regional 
blood  flow  was  measured  by  injection  of  15-um  diameter 
radionuclide  labeled  microsperes  into  the  LV.  Three 
overlapping  zones  were  delineated:  1)  A  necrotic  zone  (12  + 
13%  of  LV,  mean  +  S.D.),  within  2)  an  ischemic  zone  (27  + 
9%  of  LV) ,  within  3)  an  underperfused  zone  (33  +  8%  of  LV) . 
Blood  flows  at  20  minutes  after  occlusion  were  similar  to 
those  measured  at  three  hours.  In  necrotic  tissue,  blood 
flow  at  three  hours  was  6+3  (ml/min/lOOgm  +  S.E.M.).  In 

ischemic  but  not  necrotic  tissue,  flow  was  26+3,  and  in 
tissue  that  was  only  underperfused,  flow  was  68+5.  Flow 
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in  normal  myocardium  was  88+6.  Thus,  during  the  evolution 
of  infarction,  attenuation  in  blood  flow  from  20  minutes  to 
three  hours  after  occlusion  is  not  found,  and  the 
quantifiable  gradient  of  reduced  blood  flow  in  the  "risk" 
region  is  reflected  in  morphologically  demonstrable 
heterogeneity  of  injury  which  at  3  hours  includes  a  zone  of 
necrosis,  ischemia  without  necrosis,  and  underperfusion 
without  evidence  of  ischemic  injury. 
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INTRODUCTION 


Background ; 

Convincing  evidence  that  a  variety  of  interventions  can 
influence  the  extent  of  myocardium  rendered  irreversibly 
injured  following  experimental  coronary  artery  occlusion 
(19,71-73,76,90,111)  has  led  to  acceptance  into  clinical 
practice  of  the  importance  of  restoring  blood  flow  to 
ischemic  tissue  (22,35,93).  Studies  of  early  reperfusion  in 
experimental  animals  have  consistently  demonstrated 
reduction  in  subsequent  myocardial  infarct  size  with 
concomitant  restoration  in  ventricular  function.  With 
reperfusion  following  a  three  hour  left  anterior  descending 
(LAD)  coronary  artery  occlusion  in  the  canine  model,  Maroko 
et  al .  (71)  used  enzymatic,  histologic  and  functional 
criteria  to  illustrate  salvage  of  myocardial  tissue.  In  a 
similar  model,  Costantini,  et  al.  (19)  found  recovery  of 
ventricular  function  to  near  pre-occlusion  levels  with 
limitation  of  infarct  size  to  less  than  50%  of  that  found  in 
non-reperfused  animals.  Similar  studies  in  primates  have 
yielded  similar  results  (49)  and  reports  of  reduction  of 
ischemic  bed  size  in  the  dog  with  counterpulsation  (intra¬ 
aortic  balloon  pump)  (111)  and  medical  therapy  (88)  have 
contributed  to  an  appreciation  for  the  heterogeneity  of 
injury  within  the  ischemic  bed.  These  results  suggest  that 
the  "area  at  risk"  is  composed  of  irreversibly  as  well  as 
reversibly  injured  tissue,  and  that  early  therapeutic 
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intervention  can  salvage  otherwise  doomed  myocardium. 

Although  experimental  evidence  is  strong,  several 
randomized  and  non~randomized  clinical  studies  have  provided 
inconsistent  results  concerning  the  effects  of  reperfusion 
on  myocardial  performance  and  patient  mortality 
(58,75,89,94,95).  In  a  review  of  the  literature,  Rentrop 
(94)  found  that  only  one  of  five  controlled  trials 
demonstrated  statistically  significant  inprovement  in  left 
ventricular  function  from  the  acute  to  the  chronic  stage 
following  streptokinase  therapy  (71) ,  and  that  of  these  same 
five  trials  only  one  showed  statistically  significant 
improvement  in  mortality  (58) . 

To  better  understand  the  pathophysiology  underlying  the 
effect  of  reperfusion  on  myocardial  infarction  and  bridge 
the  gap  between  experimental  evidence  and  clinical  results, 
investigators  have  focused  on  the  heterogeneity  of  injury 
within  the  myocardium  at  risk  (30,88,90,113,114).  Hearse  et 
al .  (43)  demonstrated  gradients  of  biochemical  change  at 
the  margins  of  evolving  infarcts,  and  Reimer  et  al.  (90,91) 
described  a  region  of  myocardium  surrounding  the  central 
ischemic  zone  which  exhibits  functional,  histologic  and 
ultrastructural  changes  consistent  with  reversible  injury, 
and  which  progresses  in  a  "wavefront"  phenomenon  to  eventual 
irreversible  injury  and  necrosis  following  prolonged 
ischemia.  In  the  primate  model,  the  area  of  ischemia  has 
similarly  been  found  to  increase  during  the  first  three  to 
four  hours  of  coronary  artery  occlusion,  with  early  muscle 
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necrosis  extending  outward  in  a  concentric  fashion  from  a 
small,  centrally  located  subendocardial  region,  to 
"progressively  involve  an  initially  larger  peripheral  zone 
of  ischemic,  nonfunctional,  but  potentially  viable 
myocardium"  (49) . 

Myocardial  Metabolism: 

Normal  myocardium  is  highly  dependent  on  oxidative 
metabolism,  extracting  up  to  75%  of  the  arterial  oxygen 
content.  In  the  well  oxygenated  heart,  free  fatty  acid 
(FFA)  oxidation  can  account  for  as  much  as  90%  of  oxidative 
phosphorylation  (7,106),  and  represents  the  primary 
contributor  to  energy  production  (65,104).  Other  substrates 
include  glucose,  pyruvate  and  lactate.  Excess  glucose  is 
stored  as  glycogen,  and  excess  FFA's  are  stored  as  cardiac 
lipid  (esterified  fatty  acids) . 

Dependence  of  myocardial  metabolism  on  oxidative 
pathways  is  reflected  in  the  relatively  low  concentration  of 
anaerobic  enzymes  compared  to  the  cytochromes  and  abundant 
mitochondria.  In  the  presence  of  adequate  oxygen, 
conversion  of  low  energy  ADP  to  high  energy  ATP  during 
electron  transport  is  fueled  by  the  reduced  flavin  and 
nicotine  enzymes  (FAD,  NAD  and  NADP)  produced  by  the  citric 
acid  cycle  (Kreb's  cycle)  dehydrogenations  (104).  The 
resulting  high  yield  of  ATP  is  required  for  continued 
organized  contraction  of  the  myocardium  (53)  by  both  fueling 
actin-myosin  interactions  and  supporting  transmembrane 


i- 


-  f 

r.  mlmoMm 

■'  .-.--■  -.-r  f  tk-t:'r:-.,-:i  ^  ^ 

u'  •  :  /  •  ■  *f  ■  .  i:.-.. 

,  -  -  "  ■  >■■■'.*  ‘-I 

r  •  l  .'XlAiJiMB 
J‘«lCO 


.  I-*.  ^tqif 

« 

'  «^«1oiu»An» 

/  :  fv)OdbM>li4[ 

>  i  UTC-Tfaw 

•-  ’  -'.-rM:; 

:•'-■.■’  »  '  li-T/i  -  ■  •-rP.i  “'Ool,®  _  i 

»  t«  !■■  ••:  V  rt^;,  ,.  " 

■  •,  j •.  •  '; ': I i.i  :..c'  T n ‘.'O  fns'^o 

j  ■  "  r .  fii 


-4- 


electrical  potentials  dependent  on  Na/K  ATPases  (104). 

Hypoxia  interferes  with  normal  oxidative 
phosphorylation  in  myocardial  mitochondria  and  reduces  ATP 
formation  by  electron  transport  (104) .  As  cardiac  metabolism 
shifts  to  the  less  efficient  anaerobic  production  of  ATP 
through  glycolytic  pathways,  high  energy  phosphate  levels 
fall  rapidly  and  significantly  (13) ,  and  within  seconds 
contractile  dysfunction  can  be  observed  (44,59,65,113). 
Conversion  of  f ructose-l-phosphate  to  fructose-1 , 6- 
diphosphate  is  accelerated  by  the  increased  concentrations 
of  ADP  and  AMP,  placing  increased  demand  on  the  hexokinase 
conversion  of  glucose  to  glucose-6-phosphate  (65) .  The 
resulting  increased  utilization  of  glucose  leads  to 
activation  of  glycogen  phosphorylase  with  subsequent 
glycogenolysis  and  depletion  of  myocardial  glycogen  stores 
(52) .  Dependence  on  glycolysis  for  energy  production  also 
lowers  intracellular  pH  through  the  production  of  lactate 
(111,121).  Utilization  of  FFA's  is  the  most  sensitive  to 
oxygen  deprivation,  with  inhibition  of  the  electron 
transport  chain  preventing  the  beta-oxidation  of  FFA's  by 
increasing  the  cytosolic  NADH/NAD  ratio  (65) .  Accumulation 
of  fatty  acyl  derivatives  ensues  (7) .  Hypoxia  thus  leads  to 
increased  glucose  utilization,  depletion  of  myocardial 
glycogen  stores,  cellular  acidosis  and  deposition  of  fatty 
acids.  Prolongation  of  the  hypoxic  insult  results  in 
irreversible  ischemic  injury  and  necrosis,  with  subsequent 
demonstrable  loss  of  cellular  enzymes  (5,9,27,30,31,45,110). 
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Experimental  Evaluation  of  Ischemic  Injury; 

Histochemical  techniques  exploit  differences  in 
myocardial  metabolism  under  normal  and  hypoxic  conditions 
and  enable  the  localization  of  biochemical  gradients  both 
morphologically  and  topographically.  Their  application  to 
experimentally  induced  myocardial  infarction  reveals  the 
early  existence  of  three  distinct  zones  within  the  area  at 
risk  (30) :  1)  A  central  zone  of  severe  glycogen  and  enzyme 
loss;  2)  A  peripheral  zone  of  severe  glycogen  loss  with 
only  mild  enzyme  loss;  and  3)  A  lipid  containing  but 
otherwise  histochemically  normal  zone.  These  observations 
coincide  with  the  above  described  ischemic  changes  in 
myocardial  metabolism  and  further  support  the  conclusion 
that  the  area  at  risk  is  composed  of  regions  subjected  to 
varying  degrees  of  blood  flow  reduction  with  subsequent 
regional  variability  in  the  hypoxic  insult  (53) . 

Positron  emission  tomographic  (PET)  studies  have 
provided  a  method  for  the  noninvasive  assessment  of  regional 
myocardial  metabolism  in  comparison  to  the  relative 
reduction  in  regional  myocardial  blood  flow 
(82,102,107,108,120).  These  studies  demonstrate  the 
existence  of  a  region  of  mild  ischemia  in  which  uptake  and 
clearance  of  labeled  metabolites  (primarily  C-11  palmitate, 
a  long  chain  fatty  acid  avidly  extracted  from  the 
circulation  by  the  heart)  are  distinctly  different  from 
uptake  and  clearance  in  both  the  central  ischemic  zone  and 
distant  normal  myocardium.  The  metabolic  abnormality  is  one 
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of  fatty  acid  metabolism,  a  finding  that  corresponds  to  its 
understood  sensitivity  to  hypoxia  and  the  observed 
histologic  evidence  of  lipid  deposition  in  segments  with 
only  little  flow  reduction  (110) . 

With  the  advent  of  radiolabeled  microspheres  (98) , 
regional  myocardial  perfusion  can  be  evaluated  at  a  variety 
of  time  intervals  with  an  accuracy  and  resolution  not 
otherwise  achieveable  (17,32,53,112).  Although 
investigators  have  used  this  technique  to  correlate  regional 
blood  flow  with  functional  (38,99,101,121)  and  histologic 
(33,34,47,50,97,101,122)  evidence  of  injury,  gradients 
present  between  histochemically  distinct  regions  of  the  area 
at  risk  and  the  early  temporal  changes  in  regional  perfusion 
following  coronary  artery  occlusion  have  not  been  clearly 
established.  Bishop,  et  al.  (8),  documented  severe 
reductions  in  blood  flow  at  the  center  of  the  ischemic  zone, 
with  less  severe  reductions  at  the  epicardial  and  lateral 
margins  of  the  infarct.  Identif icaton  of  ischemic  tissue  was 
based  on  histologic  appearance,  and  no  attempt  was  made  at 
using  histochemical  techniques  to  divide  the  area  at  risk 
into  regions  of  varying  ischemic  injury.  Rivas,  et  al.  (97) 
used  microspheres  to  demonstrate  similar  flow  patterns  in 
myocardium  subjected  to  6  days  of  ischemia.  With  a  sharply 
demarcated  area  of  necrosis  following  such  prolonged 
ischemia,  it  is  difficult  to  assess  the  regional  perfusion 
during  the  "wavefront"  progression  of  infarction  that  ocurrs 
within  the  first  hours  following  coronary  artery  occlusion. 
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In  an  attempt  to  quantify  blood  flow  during  this  critical 
period  of  early  ischemia,  Hearse,  et  al.  (43)  studied 
perfusion  at  21  and  26  minutes  of  ischemia.  Identification 
of  varying  degrees  of  ischemic  injury  was  accomplished  by 
evaluating  the  composition  of  various  metabolites  in  tissue 
biopsies  taken  from  sites  across  the  ventricular  surface 
designed  to  include  the  margins  of  the  evolving  infarct.  By 
comparing  tissue  content  of  lactate,  ATP,  creatine  phosphate 
and  glycogen  with  measures  of  flow  by  the  microsphere 
technique,  they  concluded  that  the  extent  of  metabolic 
abnormality  was  "directly  related  to  the  degree  of  ischemia, 
as  indicated  by  the  reduction  in  coronary  flow." 

These  and  similar  studies  of  blood  flow  following 
coronary  artery  occlusion  (116)  have  demonstrated  the 
presence  of  an  intermediate  zone  of  perfusion  between  the 
central  necrotic  and  distant  normal  tissue.  As  discussed 
above,  early  in  the  evolution  of  a  myocardial  infarct  this 
intermediate  zone  can  be  divided  histochemically  into  three 
different  regions  representing  different  degrees  of  ischemic 
injury.  By  combining  microsphere  techniques  with 
histochemistry,  it  is  the  goal  of  this  study  to  characterize 
the  early  regional  perfusion  deficits  in  all  three 
histologic  zones.  A  three  hour  left  anterior  descending 
coronary  artery  balloon  occlusion  in  the  anesthetized  dog  is 
used  because  it  has  been  shown  to  represent  a  critical  early 
period  in  the  evolution  of  a  myocardial  infarction  and 
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produces  clear  morphologic  distinctions  between  the 
present  within  the  area  at  risk. 


zones 
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MATERIALS  AND  METHODS 


Animal  Preparation  and  Instrumentation : 

In  nine  adult  mongrel  dogs  weighing  between  20  and  30 
kgs.  induction  of  anesthesia  was  accomplished  with  sodium 
thiamylal  (surital)  and,  following  endotracheal  intubation, 
maintained  with  a  mixture  of  halothane  (0.3  to  0.5%),  oxygen 
and  room  air  to  insure  a  partial  pressure  of  oxygen  above 
100  mm  Hg.  The  dogs  were  then  placed  in  the  right  lateral 
decubitus  position  and  the  right  and  left  femoral  arteries 
were  exposed  and  cannulated  through  small  incisions.  Under 
fluoroscopic  guidance  a  7-French  pigtail  catheter  was 
introduced  through  the  right  femoral  artery  into  the  apex 
of  the  left  ventricle  to  be  used  for  injection  of 
microspheres  and  monastrel  blue  dye  and  for  hemodynamic 
monitoring.  Similarly  a  7-French  catheter  was  advanced  into 
the  left  femoral  artery  for  arterial  blood  sampling 
purposes. 

The  left  carotid  artery  was  exposed  and  cannulated 
through  a  small  incision.  A  7-French  catheter  was  advanced 
under  fluoroscopic  guidance  into  the  ostium  of  the  left 
anterior  descending  (LAD)  coronary  artery  through  which  a  5- 
French  Fogarty  balloon  catheter  was  inserted.  The  balloon 
tip  was  placed  distal  to  the  first  diagonal  visualized  by 
contrast  medium  injection.  The  balloon  was  inflated  with  a 
mixture  of  saline  and  contrast  medium  and  occlusion  of  the 
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LAD  was  verified  by  a  repeated  injection  of  contrast  medium. 
Arterial  pressure  and  EGG  were  monitored  continuously  using 
a  strip  chart  recorder  (Brush  200,  Gould  Inc.,  Cleveland, 
Ohio) .  Prior  to  occlusion  of  the  LAD,  lidocaine  was 
administered  intravenously  in  a  50  mg.  bolus  with  subsequent 
infusion  at  a  rate  of  1  mg. /min.  in  a  saline  drip. 

Experimental  Design; 

Complete  occlusion  of  the  LAD  for  three  hours  was 
effected  by  balloon  inflation  and  verified  by  repeated 
injection  of  contrast  medium.  Radiolabeled  microspheres 
were  injected  through  the  left  ventricular  catheter  at  three 
intervals;  1)  Prior  to  occlusion,  2)  approximately  20 
minutes  after  initiation  of  occlusion,  and  3)  prior  to 
sacrifice  at  approximately  three  hours  after  initiation  of 
occlusion.  Monastrel  blue  dye  (0.5  ml/kg)  was  injected 
through  the  left  ventricular  catheter  immediately  prior  to 
sacrifice  which  was  accomplished  by  injection  of  2  ml  of  a 
saturated  solution  of  KCl  through  the  same  catheter.  A  left 
thoracotomy  was  then  performed  and  the  heart  exposed.  At 
the  onset  of  ventricular  fibrillation  the  balloon  catheter 
was  withdrawn  from  the  LAD  and  the  heart  excised  by 
transection  of  the  great  vessels,  vena  cavae  and  pulmonary 
veins. 
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Reqional  Myocardial  Blood  Flow: 

Regional  myocardial  blood  flow  was  determined  with 

radiolabeled  microspheres  by  using  the  arterial  reference 

withdrawal  method  (46) .  For  each  flow  determination 

6 

approximately  3  x  10  15-um  diameter  microspheres,  labeled 

with  one  of  three  different  isotopes  —  Cobalt-57,  Scandium- 
46  or  Tin-113  (3M  Company)  —  were  added  to  5  to  6  ml  of 
heparinized  blood,  vortexed  and  ultrasonicated  to  insure 
adequate  suspension,  and  immediately  injected  through  the 
left  ventricular  catheter  over  10  to  20  seconds.  Placement 
of  the  catheter  tip  in  the  apex  of  the  left  ventricle  was 
verified  by  fluoroscopy.  A  Harvard  pump  was  used  for 
withdrawal  of  the  arterial  reference  sample  at  a  constant 
rate  of  7.9  ml/min  through  the  left  femoral  artery  catheter 
for  a  total  of  2  minutes. 

For  a  complete  discussion  of  the  radionuclide  labeled 
microsphere  technique  see  appendix  III. 

Postmortem  Tissue  Analysis: 

Immediately  following  sacrifice  the  excised  heart  was 
divided  transversely  (parallel  to  the  coronary  sinus)  into 
five  ventricular  slices  labeled  one  to  five  from  apex  to 
base  (see  fig.  1).  The  apical  slice  (slice  1)  measured  -1.5 
cms.  with  the  remaining  four  -1.0  cm  in  thickness.  Slices 
two  and  four  were  immediately  placed  in  Carnoy's  fixative 
(60%  absolute  alcohol,  30%  chloroform  and  10%  acetic  acid) 
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for  later  giant  sectioning  and  staining  with  periodic  acid- 

Schiff  stain  (PAS)  as  described  below.  Using  monastrel  blue 

dye  distribution  to  delineate  the  underperfused  zone, 

biopsies  for  electron  microscopy  were  taken  from  sites  on 

the  apical  side  of  slice  three,  divided  into  approximate  1 
3 

mm  pieces  and  placed  in  cold  3%  glutaraldehyde  fixative 
within  three  minutes  of  sacrifice.  Three  to  four  samples 
were  taken  from  the  center  of  the  underperfused  zone,  from 
the  lateral  and  epicardial  margins,  and  from  distant 
normally  perfused  myocardium. 

The  remaining  slices  (one,  three  and  five)  were  rinsed 
in  sterile  saline  and  photographed  to  document  monastrel 
blue  dye  staining  and  location  of  biopsy  sites.  They  were 
then  incubated  in  fresh  triphenyltetrazolium  chloride  (TTC) 
for  15  minutes  and  rephotographed  to  document  non-staining, 
necrotic  regions  of  the  myocardium.  Following  photocopying 
of  the  slices  for  mapping  purposes,  the  right  ventricular 
free  wall  was  removed  and  the  septum  and  left  ventricular 
free  wall  were  divided  transmurally  into  wedges  which  were 
subsequently  divided  into  subendocardial,  mesocardial  and 
subepicardial  segments,  each  weighing  0.5  to  1.0  gram.  The 
boundaries  of  each  numbered  sample  were  indicated  on  the 
photocopy  of  each  slice.  Samples  were  then  weighed  and 
counted  on  a  multichannel  pulse-height  gamma  counter  to 
quantitate  radioactivity  from  each  of  the  three  isotopes. 
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Histologic  Evaluations : 

ELECTRON  MICROSCOPY:  Samples  for  electron  microscopy 
were  fixed  in  glutaraldehyde  overnight  at  4°  C,  dehydrated, 
stained  with  osmium  and  embedded  in  epon.  One  micrometer 
thick  sections  were  cut,  stained  with  toluidine  blue  and 
examined  by  light  microscopy  to  select  regions  for 
ultrastructural  study.  Thin  sections  were  then  cut  from  the 
selected  regions,  stained  with  uranyl  acetate  and  lead 
citrate,  and  examined  in  a  JEDL  lOOB  transmission  electron 
microscope  for  ultrastructural  evidence  of  ischemic  injury 
and  presence  or  absence  of  lipid  droplets.  Using  the 
postmortem  photographs,  each  specimen  could  be  assigned  to  a 
specific  region  of  the  myocardium  and  thus  compared  to  the 
results  of  each  additional  investigation. 

TISSUE  GLYCOGEN  CONTENT:  Following  fixation  in 
Carnoy's  for  at  least  five  days,  slices  two  and  four  from 
each  dog  were  processed  in  absolute  alcohol  then  Cedarwood 
oil,  embedded  in  paraffin  and  giant  sectioned  as  described 
previously  (100) .  Delineation  of  myocardium  containing 
glycogen  was  accomplished  by  staining  with  PAS. 

PLAINIMETRY:  The  photographic  slides  obtained  of 
slices  one,  three  and  five  before  and  after  staining  with 
TTC  and  the  giant  sections  of  slices  two  and  four  after 
staining  with  PAS  were  projected  onto  a  rear  projection 
theater  screen  for  planimetry  (Numonics  Industrial 
Planimeter) .  This  allowed  regions  devoid  of  monastrel  blue 
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dye,  TTC  or  PAS  staining  to  be  outlined  and  quantitated 
relative  to  the  cross-sectional  area  of  the  entire  left 
ventricle.  Data  from  the  apical  and  basal  sides  of  each 
slice  were  combined  to  provide  an  expression  for  the  area  of 
respective  injury  as  a  percentage  of  total  left  ventricular 
myocardium  in  each  slice. 


Data  Correlation; 

Each  sample  from  slices  one,  three  and  five  was 
assigned  a  separate  value  of  from  0  to  1  representing  the 
extent  of  staining  by  monastrel  blue  dye,  PAS  and  TTC.  By 
comparing  the  photocopy  and  photographic  slide  of  each 
slice,  the  location  of  each  sample  could  be  identified. 
This  enabled  the  characterization  of  the  extent  of  staining 
by  monastrel  blue  dye  and  TTC  for  each  sample.  Similarly, 
values  for  staining  by  PAS  were  obtained  by  comparing  the 
photocopies  to  the  PAS  stained  giant  sections.  A  separate 
value  for  each  of  the  three  stains  was  assigned  to  each 
sample,  with  0  representing  complete  absence  of  staining 
(stain  negative) ,  and  1  representing  homogeneous  staining 
throughout  the  sample  (stain  positive) .  Inhomogeneity  of 
staining  was  represented  with  values  between  0  and  1,  with 
an  approximately  equal  division  of  a  sample  into  stained  and 
non-stained  myocardium  indicated  with  a  value  of  0.5. 
Values  were  determined  by  visual  inspection  and  represent 
the  consensus  of  two  independent  observers. 
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Based  on  the  assigned  values  for  each  of  the  three 


stains. 

samples 

were  divided  into 

seven 

groups  —  four 

"pure" 

and  three 

"mixed"  ones.  The 

"pure" 

groups  consisted 

of  1) 

samples 

completely  stained 

by  all  three  stains 

(monastrel  blue  dye,  PAS  and  TTC  positive)  --  normal 

myocardium;  2)  samples  monastrel  blue  dye  negative  but  PAS 
and  TTC  positive  —  underperfused  but  not  ischemic  or 
necrotic;  3)  samples  monastrel  blue  dye  and  PAS  negative 
but  TTC  postive  —  ischemic  but  not  necrotic  myocardium;  and 
4)  samples  monastrel  blue  dye,  PAS  and  TTC  negative 
necrotic  myocardium  (see  table  1) .  The  remaining  samples 
were  assigned  to  the  "mixed"  groups  based  on  their 

heterogeneity  of  staining  (table  2) . 

Statistical  Analysis ; 

Following  division  of  the  samples  into  groups,  average 
flow  (+  S.D.)  for  each  group  in  each  animal  was  calculated. 
Mean  myocardial  blood  flow  for  all  animals  prior  to 
occlusion,  20  minutes  post-occlusion  and  3  hours  post¬ 
occlusion  is  expressed  as  mean  +  standard  error  for  each  of 
the  four  "pure"  and  three  "mixed"  groups.  This  represents 
the  arithmetic  mean  of  the  individual  averages  calculated 
for  each  animal,  and  is  therefore  a  "mean  of  means."  A  non- 
paired,  two-tailed  Student's  t-test  was  used  for  statistical 
comparisons  between  population  means.  The  significance 
level,  or  alpha,  was  set  at  0.05  with  p<0.05  considered 
statistically  significant. 
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RESULTS 


Hemodynamics : 

In  all  nine  dogs  the  left  anterior  descending  coronary 
artery  was  successfully  occluded  for  three  hours.  Blood 
pressure  and  heart  rate  were  stable  in  all  animals  (table 
3) .  One  animal  was  in  ventricular  bigeminy  with  a  stable 
blood  pressure  at  the  time  of  the  second  microsphere 
injection  (20  minutes  post-occlusion)  but  returned  to  normal 
sinus  rhythm  before  the  third  injection  at  three  hours.  No 
other  animals  developed  cardiac  arrhythmias. 

Histology,  Zone  Size  and  Regional  Perfusion: 

Postmortem  analysis  identified  a  region  of  myocardium 
with  normal  staining  characteristics  which  occupied  67  +  8% 
of  the  left  ventricle.  Perfusion  of  this  region  prior  to 
occlusion  was  114  +  12  ml/min/lOOgm.  Following  LAD  occlusion 
this  value  fell  to  98  +  13  ml/min/lOOgm  at  20  minutes 
(p<0.4)  and  88+6  ml/min/lOOgm  after  three  hours  (p<0.1). 
The  area  at  risk,  defined  as  the  region  of  myocardium 
supplied  by  the  occluded  vessel,  was  visualized  by  the  lack 
of  staining  with  monastrel  blue  dye  (fig.  2a)  and 
represented  33  +  8%  of  the  left  ventricular  cross-sectional 
area  at  the  level  of  slice  three.  Preocclusion  blood  flow 
was  125  +  19  ml/min/lOOgm,  while  flows  at  20  minutes  and 
three  hours  were  32+6  ml/min/lOOgm  (p<0.001)  and  29  +  6 
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ml/min/lOOgm  (p<0.001)  respectively  (table  4). 

The  area  at  risk  was  further  delineated  into  zones 
based  on  the  results  of  TTC  and  PAS  staining  (figs.  2b  and 
2c) .  Zone  size  was  variable  from  animal  to  animal  (table  5) . 
The  central  necrotic  zone  was  characterised  by  the  absence 
of  TTC  staining  and  measured  12  +  13%  of  the  left  ventricle 
(range  0%  to  35%) .  Regional  perfusion  was  126  +  13 
ml/min/lOOgm  prior  to  occlusion  and  fell  to  9  +  2  (p<0.001) 
and  4  +2  ml/min/lOOgm  (p<0.001)  at  20  minutes  and  three 
hours  following  occlusion  (n=4  dogs) .  The  glycogen  depleted 
(ischemic)  but  not  necrotic  zone  (PAS  negative,  TTC 
positive)  measured  15  +  9%  of  the  left  ventricle. 
Preocclusion  flow  was  141  ml/min/lOOgm.  Flows  after  20 
minutes  and  three  hours  of  occlusion  were  24  and  11 
ml/min/lOOgm  respectively  (n=l  dog) .  The  remaining 
myocardium  within  the  area  at  risk  was  defined  as 
underperfused  without  evidence  of  ischemia  (blue  dye 
negative,  PAS  and  TTC  positive)  and  occupied  7  +  8%  of  the 
left  ventricle.  Preocclusion,  20  minute  and  three  hour 
flows  were  163,  67  and  80  ml/min/lOOgm,  respectively  (n=l 
dog).  (These  data  are  summarized  in  table  6.) 

Utilizing  the  strictest  criteria  of  complete  presence 
or  absence  of  staining  for  inclusion  of  samples  into  one  of 
these  groups  limited  the  sample  size  in  the  latter  two  zones 
to  tissue  from  only  one  dog.  Given  this  limitation  in 
sample  size  the  criteria  for  inclusion  into  these  groups 
were  "expanded"  to  include  those  samples  whose  staining 
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pattern  was  evaluated  as  representing  <20%  and  >80%  of  the 
tissue  instead  of  0%  and  100%  respectively.  The  resulting 
mean  values  for  myocardial  blood  flow  prior  to  occlusion  and 
20  minutes  and  three  hours  post-occlusion  are  shown  in  table 
7  and  illustrated  in  figure  3. 

Preocclusion  flows  in  all  four  regions  were  comparable. 
Blood  flow  to  the  underperfused  but  not  ischemic  zone  at  20 
minutes  was  less  than  flows  to  the  normal  zone  (p<0.025). 
At  the  same  time  period,  perfusion  to  the  ischemic  but  not 
necrotic  zone  was  less  than  to  both  the  normal  (p<0.001)  and 
the  underperfused  but  not  ischemic  zones  (p<0.005),  and 
greater  than  flow  to  the  necrotic  zone  (p<0.2).  Although 
flow  in  the  necrotic  zone  at  this  time  period  was  not 
statistically  significantly  lower  than  that  observed  in  the 
ischemic  but  not  necrotic  zone,  it  represented  the  lowest 
value  for  myocardial  perfusion  and  was  statistically 
significantly  different  than  flows  in  the  normal  myocardium 
(p<0.001)  and  the  underperfused  but  not  ischemic  zone 
(p<0. 025) . 

Regional  perfusion  in  all  four  zones  at  three  hours 
remained  similar  to  the  values  obtained  at  20  minutes  after 
occlusion;  however,  smaller  confidence  limits  (or  calculated 
S.E.M.)  for  the  mean  flows  resulted  in  increasing 
statistical  significance.  Flow  in  the  necrotic  zone  was  the 
lowest,  remaining  less  than  in  the  ischemic  but  not  necrotic 
zone  (p<0.005),  the  underperfused  but  not  ischemic  zone 
(p<0.001)  and  the  normal  myocardium  (p<0.001).  Similarly, 
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flow  in  the  ischemic  but  not  necrotic  zone,  while  greater 
than  in  the  necrotic  myocardium,  continued  to  be  lower  than 
that  observed  in  the  underperfused  but  not  ischemic  zone 
(p<0.005)  and  the  normal  zone  (p<0.001).  Perfusion  to  the 
normal  myocardium  remained  the  highest  (p<0.05  compared  to 
the  underperfused  but  not  ischemic  zone) . 

The  remaining  samples  were  grouped  into  three  "mixed" 
categories  as  outlined  in  table  2.  For  example,  if  an 
entire  sample  (100%)  was  stained  with  TTC,  but  PAS  stained 
only  40%  and  monastrel  blue  dye  staining  was  absent,  this 
indicated  "mixed"  composition.  Myocardium  underperfused 
(blue  dye  negative)  without  evidence  of  ischemia  (PAS 
positive)  and  tissue  rendered  ischemic  (PAS  negative)  but 
not  necrotic  (TTC  positive)  were  present  in  the  same  sample. 
The  results  of  calculations  of  mean  flow  in  these  "mixed" 
groups  are  shown  in  table  8.  Similar  to  results  in  the 
"pure"  groups,  regional  perfusion  was  found  to  decrease  with 
increasing  histochemical  evidence  of  ischemic  injury.  The 
inhomogeneity  of  staining  in  samples  assigned  to  these 
groups  indicates  the  possibility  of  widely  disparate  flows 
within  the  same  sample  and  therefore  prohibits  more  than 
qualitative  analysis  of  the  data. 

Electron  Microscopy: 

In  all  cases  transmission  electron  microscopy  confirmed 
the  results  of  our  histochemical  studies  (54) .  Biopsies 
from  normally  stained  segments  of  myocardium  distant  from 
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the  territory  of  the  LAD  demonstrated  normal  myocardium  with 
normal  glycogen  stores,  devoid  of  edema,  mitochondrial 
amorphous  densities  and  lipid  droplets  (fig.  4a).  Biopsies 
taken  from  regions  of  myocardium  bordering  ischemic  tissue 
but  not  ischemic  (based  on  PAS  staining)  demonstrated  the 
presence  of  lipid  droplets  as  the  only  abnormality.  There 
were  no  ultrastructural  changes  consistent  with  ischemia 
(fig.  4b) .  Biopsy  specimens  from  ischemic  but  not  necrotic 
regions  showed  generally  accepted  evidence  of  reversible 
ischemic  injury.  This  included  mitochondrial  and  cellular 
swelling,  wide  I-bands  and  decreased  glycogen  stores  (fig. 
4c) .  Electron  microscopy  of  tissue  taken  from  regions  of 
myocardium  demonstrated  to  be  necrotic  by  the  absence  of  TTC 
staining  showed  classical  signs  of  necrosis.  In  addition 
to  ischemic  changes,  the  formation  of  mitochondrial 
amorphous  densities,  clumping  and  margination  of  nuclear 
chromatin,  and  disruption  of  sarcolemmal  and  mitochondrial 
membranes  were  observed  (fig.  4d) . 
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DISCUSSION 


The  Canine  Model : 

Much  of  the  experimental  data  on  myocardial  infarction 
has  been  obtained  in  the  dog,  although  several  authors 
question  the  validity  of  its  application  to  human  disease 
(38,99,101).  Unlike  the  coronary  circulation  of  a  normal 
human  heart,  the  canine's  is  characterized  by  significant 
collateral  vasculature  (11,24,26,84).  Consequently  many 
investigators  have  chosen  instead  to  study  the  effects  of 
coronary  artery  occlusion  in  the  pig  (38,52,99,101),  the  rat 
(5,30,78,80)  and  the  primate  (49,61,76).  While  the  normal 
human  heart  may  posess  few  collaterals,  experimental 
evidence  for  development  of  a  collateral  circulation 
following  coronary  artery  occlusion  (11)  suggests  that 
progression  of  atherosclerotic  disease  in  man  may  lead  to 
development  of  functionally  significant  anastomoses. 
Indeed,  many  authors  have  reported  that  not  only  are 
coronary  collateral  vessels  commonly  present  in  patients 
with  coronary  arteriosclerosis  (6,42,62,79),  but  clinical 
and  angiographic  data  indicate  that  they  play  a  significant 
protective  role  in  the  presence  of  obstructive  disease 
(39,123).  While  the  canine  model  may  not  accurately 
reproduce  conditions  present  in  the  normal  human  heart, 
there  is  considerable  evidence  to  suggest  that  acute 
occlusions  in  the  dog  may  adequately  reflect  the 
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pathophysiology  of  the  human  myocardial  infarction 
consequent  to  longstanding  coronary  artery  disease. 

A  second  concern  over  the  use  of  animal  models  to  study 
human  myocardial  pathophysiology  stems  from  observed 
variations  in  hemodynamics  and  myocardial  blood  flow  under 
different  experimental  conditions  (108).  Thoracotomy, 
pericardiotomy  and  pentobarbital  anesthesia  have  been  shown 
to  increase  heart  rate  by  more  than  100%  and  myocardial 
perfusion  by  more  than  30%  over  closed-chest  unanesthetized 
dogs  (17) .  These  variations  in  hemodynamic  parameters  may 
alter  experimental  results  and  thus  further  complicate 
attempts  to  extend  conclusions  based  on  studies  in  animals 
to  our  understanding  of  human  disease.  In  the  present  study, 
although  anesthesia  was  not  witheld,  a  closed-chest 
preparation  was  used  to  avoid  any  potential  adverse 
hemodynamic  affects  not  directly  related  to  the  induced 
myocardial  ischemia. 

Analysis  of  Results; 

In  this  study  we  have  demonstrated  that  quantitatively 
and  statistically  significant  differences  in  absolute 
myocardial  blood  flow  exist  between  histochemically 
distinct  regions  of  myocardium  following  a  three  hour 
closed-chest  LAD  occlusion  in  the  anesthetised  dog.  In 
addition,  our  data  indicate  that  regional  perfusion  within 
these  histochemically  defined  zones  after  three  hours  of 
occlusion  is  similar  to  that  observed  shortly  following 


'  •  •  vU  t  ct  ,nric  lialm  ^  <i  ‘  *•■  f 

V'"  i  t  t  If  fl««p* 

■V  ■  -,  -.-r-v.-  .  A.  a. ..--'.I  4L 

■’■/--  •  f-  X,' Y«  ajimfii 


•:-_tc'‘28S7»*.  ft  -  -oi^tLltmy 


r?  ^Mib 


■  -  /  ■■>:;  .•,..  .  '•■->.  ■'.'  .1 

"  i  Oj 

-  •  ’*  It.M^  .-s  .  tdaiSKv* 
-  ■  ’  •  ^i;..  r  c )  «pob 

•-  ■••-  f,  jaJis 

ii.  ts*' J :.  a.  ’A.  .  I!.,:-,  rt.f 

«■»  r  J +  •.♦<”.-•  It: -.  ,  ijpim.'t-?  Xa 

-  •  .*r.iii  , ,  o  !  .1  »■; 

i-ri  «.»•.  ••  4  *■,  A'  '  »as.<'.  vt;  *.  'i^ 


*  ?*,'r,  •*  «ii  f  !  e  I  ;  •■  ■  '.  'VO  V 


0.5  A  at?  ^  [  fi/tA 


,  *»  _ 


^  bisji  . 


.".••c  if.f'na  va  J '5  IttI  1>'(.6OO'0V 


rT<^i.itUi^^Cr  ClAJ 


'S  L  :<'3«iacf  ^on. :  -i-,:  v.  -  ■♦^f  baartill^fe'  Y  ^  •a-a^W 

...  iva^  -ffiWJ  ^  lallal*  tfii  ffaiairXooo 


-23- 


occlusion,  suggesting  that  regional  myocardial  blood  flow  in 
the  dog  may  remain  relatively  constant  during  the  initial 
three  hours  of  ischemia. 

At  three  hours  of  LAD  occlusion  the  area  at  risk  and 
the  area  of  necrosis  were  found  to  be  variable  from  animal 
to  animal  (see  table  5) .  This  is  in  accordance  with  the 
findings  of  Marcus,  et  al.  (69),  and  Reimer,  et  al.  (91), 
and  likely  results  from  variations  in  vasculature  and 
collateral  supply  between  animals.  The  mean  area  of 
necrosis  was  similar  in  size  to  that  reported  by  Costantini, 
et  al.  (19)  who  used  a  closed-chest,  three  hour  occlusion 
with  reperfusion  (12%  compared  to  14%) ,  and  represented  44% 
of  the  area  of  ischemia,  similar  to  the  finding  of  Vokonas, 
et  al.  (116),  who  reported  40%  in  an  open-chest  24  hour 
occlusion  with  larger  absolute  areas  of  ischemia  and 
necrosis.  Occlusions  of  greater  than  three  hours  in  both 
open-  and  closed-chest  models  have  been  shown  to  produce 
larger  infarcts  (19,31,91,92,116),  consistent  with  the 
assumption  that  at  three  hours  necrosis  is  in  the 
evolutionary  stage  and  the  area  at  risk  contains  potentially 
salvageable  myocardium.  As  described  by  others  (47,53,69, 
91,122),  in  all  dogs  with  infarcts  (8  of  9),  the  area  of 
necrosis  was  primarily  subendocardial,  occupying  the  central 
region  of  the  area  at  risk.  Larger  infarcts  extended 
laterally  and  transmurally . 

Regional  myocardial  perfusion  data  obtained  using  the 
radiolabeled  microsphere  technique  demonstrated  that  within 
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the  occluded  vascular  territory,  or  area  at  risk,  there 
exists  heterogeneity  in  both  flow  reduction  and  degree  of 
ischemic  injury.  Measurements  of  regional  myocardial  blood 
flow  were  in  agreement  with  the  findings  of  others  for  both 
normal  and  necrotic  tissue  (8,50,91,97,116),  demonstrating 
severe  reductions  to  the  central  necrotic  zone,  with 
increasing  flow  to  more  peripheral  regions  of  ischemia.  As 
suggested  by  many,  we  have  found  that  gradients 
(53,88,90,101,111,116),  rather  than  sharp  distinctions 
(41,48,52,61)  in  flow  and  degree  of  injury  exist  between 
normal  and  abnormal  tissue  within  the  area  at  risk. 

The  sharp  distinctions  found  by  some  investigators  may 
be  the  result  of  prolonged  periods  of  ischemia  (>24  hours) , 
and  likely  do  not  reflect  events  in  the  early  infarct. 
Marcus,  et  al.  (69),  while  arguing  against  the  presence  of  a 
"geometrically  well  defined  'buffer  zone'"  within  the  area 
at  risk,  nevertheless  demonstrate  with  microsphere  studies  5 
minutes  after  occlusion  a  heterogeneity  of  flow  to 
myocardium  adjacent  to  severely  ischemic  regions. 
Furthermore,  their  definition  of  ischemic  segments  is  based 
on  values  for  regional  perfusion  without  confirmation  by 
histologic  techniques. 

Histochemically ,  the  area  at  risk  can  be  divided  into 
three  distinct  regions  (fig.  5) .  These  include  a  central 
area  of  necrosis,  a  zone  of  ischemia  without  necrosis,  and  a 
peripheral  region  of  myocardium  within  which  the  only 
ultrastructural  abnormality  is  the  presence  of  lipid 
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droplets.  While  preocclusion  flows  were  similar  in  all 
regions,  post-occlusion  flows  substantiated  the 
histochemical  findings  of  worsening  ischemia  from  the 
periphery  of  the  area  at  risk  to  the  central  area  of 
necrosis.  Myocardium  which  was  underperfused  but  not 
ischemic  received  68  ml/min/lOOgm,  compared  to  88 
ml/min/lOOgm  for  normal  myocardium  (p<0.05).  Perfusion  to 
the  zone  of  ischemia  without  necrosis  was  26  ml/min/lOOgm, 
both  quantitatively  and  statistically  significantly 
different  from  normal  myocardium  (p<0.001),  underperfused 
but  not  ischemic  myocardium  (p<0.005)  and  necrotic 
myocardium  (p<0.005).  The  central  zone  of  necrosis 
demonstrated  the  lowest  flows,  receiving  only  6  ml/min/lOOgm 
(p<0.001  compared  to  both  underperfused  but  not  ischemic  and 
normal  myocardium) .  The  presence  of  lipid  droplets  in 
myocardium  without  histochemical  or  ultrastructural  evidence 
for  glycogen  loss  or  irreversible  injury  is  indicative  of 
impaired  fatty  acid  metabolism,  the  pathway  most  sensitive 
to  mild  hypoxia.  This  histologic  suggestion  of  mild  ischemia 
is  supported  by  data  from  our  microsphere  studies  of  this 
region,  which  quantitate  only  mild  reductions  in  blood  flow 
to  the  tissue  samples  from  which  these  biopsies  were  taken. 
Previous  histologic  investigations  as  well  as  PET  studies 
similarly  demonstrate  abnormalities  in  lipid  metabolism  at 
the  margins  of  ischemic  beds  (7,30,37,65,103,105-108,110). 
These  results  demonstrate  that  the  use  of  monstrel  blue  dye 
in  conjunction  with  PAS  and  TTC  stains  can  define  regions 
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between  normal  and  necrotic  myocardium  in  which  varying 
degrees  of  ischemia  are  manifest  as  varying  degrees  of 
ischemic  injury,  and  that  the  perfusion  deficits  in  these 
regions  can  be  quantified  by  using  the  radiolebeled 
microsphere  technique. 

Importantly,  the  evolution  of  injury  during  the  three 
hour  occlusion  is  not  accompanied  by  an  attenuation  in 
perfusion.  Rather,  blood  flow  in  each  zone  is  similar  at  20 
minutes  and  three  hours,  suggesting  that  perfusion  remains 
relatively  constant  through  the  duration  of  the  vascular 
occlusion.  This  is  in  accordance  with  the  observations  of 
Lavalee,  et  al.  (61)  who  describe  similar  invariance  in 
regional  perfusion  from  1  hour  to  24  hours  of  ischemia  in 
the  baboon  model,  and  of  Sakai,  et  al.  (99)  who  report 
equivalent  flows  at  15  minutes  and  2  hours  post-occlusion. 
In  contrast,  the  zone  of  infarction,  or  region  of 
irreversible  ischemic  injury,  expands  during  the  initial 
hours  of  coronary  artery  occlusion  (30,91).  Combined  these 
two  observations  suggest  that  the  "wavefront"  expansion  of 
an  infarct  as  described  by  Reimer  et  al.  (90,91)  is  not  the 
result  of  changing  myocardial  perfusion,  but  instead  is  a 
function  of  the  duration  of  fixed,  limited  perfusion.  As 
the  ischemic  injury  progresses,  it  may  be  argued  that  the 
demand  on  adjacent  myocytes  increases  (12),  and  that 
myocardial  oxygen  demand  therefore  increases.  Given  a  fixed 
oxygen  supply,  as  suggested  by  our  results,  these  cells 
would  become  relatively  more  ischemic  and  may  progress  to 
irreversible  injury  and  necrosis.  Whether  an  expanding 
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infarct  is  a  function  of  duration  of  ischemia,  changing 
metabolic  demands,  or  both  cannot  be  answered  here,  but  our 
data  indicate  that  the  culprit  is  not  futher  attenuation  in 
flow  beyond  the  drop  evident  within  the  first  20  minutes  of 
coronary  artery  occlusion. 

The  existence  of  gradients  of  flow  and  heterogeneity  of 
injury  within  the  area  at  risk  support  the  concept  that 
coronary  artery  occlusion  does  not  result  in  the  production 
of  clearly  defined  necrotic  and  non-necrotic  tissue  (53) . 
Early  in  the  evolution  of  an  infarct,  two  intermediate 
regions  of  myocardium  can  be  identified  in  which  the  hypoxic 
insult  has  not  caused  irreversible  injury,  yet  is 
sufficient  to  alter  metabolic  activity.  These  regions  are 
definable  by  histochemical  techniques  and  demonstrate 
quantifiable  and  significantly  distinct  reductions  in  blood 
flow.  Given  our  finding  of  the  similarity  between  flows  to 
these  regions  at  20  minutes  and  three  hours  of  occlusion, 
interventions  designed  to  improve  perfusion  to  the  occluded 
vascular  bed  may  have  the  potential  to  prevent  the  demise  of 
ischemic  but  not  necrotic  tissue  and  therefore  represent 
appropriate  therapeutic  approaches  to  the  patient  with  an 
evolving  myocardial  infarction. 
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Methodologic  Considerations; 

MICROSPHERES:  The  technique  of  measuring  regional 
myocardial  perfusion  used  in  our  study  was  described  by 
Heymann,  et  al.  (46),  and  is  known  as  the  reference 
withdrawal  method.  (For  a  complete  discussion  see  appendix 
III.)  This  technique  has  been  employed  and  validated  by 
many  investigators  evaluating  blood  flow  to  a  variety  of 
tissues  and  organs  in  numerous  experimental  situations 
(2,49,57,68,70,81,98,101).  It  has  been  clearly  established 
that  distribution  of  15-um  microspheres  is  proportional  to 
blood  flow,  and  that  microspheres  do  not  recirculate,  affect 
hemodynamics  or  alter  the  perfusion  profile  (49,98,115). 

A  commonly  expressed  concern  over  the  use  of 
radiolabeled  microspheres  to  evaluate  organ  perfusion  is  the 
concept  of  "microsphere  loss"  (2,3,16,63).  The  technique 
relies  on  complete  trapping  of  microspheres  within  the 
microcirculation  for  the  duration  of  the  experiment  (46) . 
If  microspheres  are  not  trapped  (4,14,20,24,28,74,115,125), 
or  a  disruption  of  vascular  integrity  (as  might  be  seen 
during  ischemia)  leads  to  loss  of  the  trapped  microsphere 
into  either  the  general  circulation  or  the  lymphatics 
(15,16,28,56,63,64),  then  the  resultant  post-mortem  analysis 
would  provide  an  erroneously  low  value  for  regional 
perfusion  in  the  affected  tissue.  "Apparent"  microsphere 
loss  has  been  described  secondary  to  localized  tissue  edema 
effectively  increasing  the  measured  weight  of  tissue 
segments,  however  these  studies 
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considerably  longer  than  3  hours  (92) . 

Such  concerns  have  led  many  investigators  to  study  the 
phenomenon  of  microsphere  loss  by  several  techniques. 
Studies  of  prolonged  ischemia  (from  8  to  24  hours)  using  15- 
um  microspheres  report  significant  microsphere  loss  in  the 
region  of  ischemia  compared  to  regions  of  normal  myocardium 
(2,16,63).  These  studies,  however,  all  involved  open-chest 
canine  models,  lacked  histologic  validation  of  regions  of 
ischemia,  and  can  only  be  applied  to  studies  in  which  the 
duration  of  ischemia  is  at  least  8  hours.  In  a  study  of  the 
one  hour  LAD  occlusion  in  the  cat,  Andersen,  et  al.  (3) 
concluded  that  microsphere  loss  was  a  significant  source  of 
error  based  on  the  divergence  from  unity  of  the  ratios  of 
flow  in  the  distribution  of  the  LAD  and  circumflex  arteries, 
although  the  unity  of  this  ratio  in  normal  feline  myocardium 
was  not  established.  Numerous  other  studies  on  real  and 
"apparent"  microsphere  loss  have  concluded  that  the  15-um 
microsphere  is  the  best  choice  for  studies  of  myocardial 
blood  flow  (14,18,28,32,46),  and  that  microsphere  loss  is 
not  a  significant  problem  (4,18,23,28,77,115). 

Consistent  with  their  conclusions,  our  data  suggest 
that  microsphere  loss  in  the  three  hour  occlusion  does  not 
significantly  affect  determination  of  myocardial  blood  flow. 
If  significant  loss  from  the  ischemic  tissues  had  occurred, 
then  values  for  preocclusion  flow  in  the  normal  myocardium 
should  be  higher  than  those  in  the  ischemic  and  necrotic 
myocardium.  As  can  be  seen  in  table  7  and  figure  3,  this  is 
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not  the  case:  Preocclusion  flow  in  the  normal  myocardium 
(114  +  12  ml/min/lOOgm)  is  almost  identical  to  preocclusion 
flows  in  the  underperfused  zone  (104  +  45  ml/min/lOOgm) ,  the 
ischemic  but  not  necrotic  zone  (120  +  10  ml/min/lOOgm)  and 
the  necrotic  zone  (121  +  18  ml/min/lOOgm) .  We  can  therefore 
conclude  that  loss  of  15-um  microspheres,  either  real  or 
apparent,  was  not  a  significant  factor  in  the  determination 
of  regional  myocardial  perfusion  in  this  study,  and  should 
not  be  a  significant  consideration  in  the  evaluation  of  a 
three  hour  occlusion  in  the  canine  model. 

A  second  concern  with  the  use  of  microspheres  relates 
to  adequacy  of  mixing  of  microspheres  before  distribution 
into  the  peripheral  circulation.  In  our  study,  the  use  of  a 
closed-chest  model  precluded  injection  of  the  microspheres 
into  the  left  atrium  and  required  instead  that  the  left 
ventricle  be  used.  Many  investigators  utilize  a  left  atrial 
catheter  (which  requires  an  open-chest  preparation)  for 
microsphere  injection  with  the  presumption  that  this  results 
in  improved  mixing  (23,63,70).  Buckberg,  et  al.  (14),  have 
suggested  that  the  uniformity  of  mixing  is  better  achieved 
by  using  left  atrial  as  opposed  to  left  ventricular 
injection.  However,  this  conclusion  rested  on  the  aberrant 
results  obtained  from  one  out  of  the  six  dogs  (4  out  of  a 
total  of  23  microsphere  injections)  used  in  their  study. 
Catheter  placement  in  the  left  ventricle  was  not  verified  by 
fluoroscopy,  and  the  microspheres  were  not  suspended  in 
heparinized  blood  prior  to  injection.  When  the  results  of 
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these  four  injections  are  excluded,  the  remaining  19  provide 
data  consistent  with  the  conclusion  that  there  is  no 
difference  in  mixing  between  left  atrial  and  left 
ventricular  injection  sites.  Additional  evidence  for  the 
adequacy  of  mixing  is  offered  by  Hoffbrand,  et  al.  (49)  who 
used  left  ventricular  injection  of  radioactively  labeled 
microspheres  to  study  the  distribution  of  cardiac  output  and 
organ  blood  flow  in  the  monkey.  To  improve  mixing,  we 
suspended  the  microspheres  in  a  5  to  6  ml  sample  of 
heparinized  blood  prior  to  injection  into  the  left  ventricle 
and  insured  position  of  the  pigtail  catheter  in  the  apex  of 
the  left  ventricle. 

HISTOCHEMICAL  TECHNIQUES:  Triphenyltetrazolium 
chloride  (TTC)  stain  was  used  to  demarcate  necrotic  regions 
of  myocardium.  As  outlined  by  Fishbein,  et  al.  (31),  TTC 
forms  a  red  precipitate  in  the  presence  of  intact 
dehydrogenase  enzyme  systems.  Areas  of  necrosis  lack 
dehydrogenase  activity  and  therefore  fail  to  stain.  The  use 
of  markers  for  enzyme  activity  to  delineate  regions  of 
necrosis  is  supported  by  the  finding  that  histochemical 
evidence  of  enzyme  loss  occurs  after  evidence  of  glycogen 
loss  (30)  and  therefore  represents  more  severe  ischemic 
injury  (5,59,66,110).  This  suggests  that  only  those  regions 
of  myocardium  which  have  become  irreversibly  injured  and 
destined  for  necrosis  show  loss  of  enzyme  activity.  The 
validation  of  this  technique  by  Fishbein,  et  al.  (31)  is 
supported  by  our  finding  that  the  classification  of 
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myocardium  into  necrotic  and  non-necrotic  regions  based  on 
TTC  staining  was  consistent  with  subsequent  ultrastructural 
examinations . 

The  periodic  acid-Schiff  stain  (PAS) ,  which  stains 
tissue  pink  in  the  presence  of  glycogen  or  glycoproteins, 
has  been  used  by  many  investigators  to  delineate  ischemic 
tissue  (30,111).  Digestion  with  amylase  prior  to  staining 
abolishes  positive  staining  due  to  glycogen  and  thus 
confirms  its  presence  in  the  stained  sections.  As  discussed 
in  the  introduction,  ischemia  is  characterised  by  an 
inadequate  supply  of  oxygen  to  meet  metabolic  demand,  and 
results  in  a  shift  from  aerobic  to  anaerobic  metabolism 
(78,80,121).  This  shift  decreases  the  energy  yield  and 
quickly  consumes  available  free  glucose,  leading  to 
increased  utilization  of  glycogen  stores  (104).  The 
resulting  loss  in  tissue  glycogen  content  occurs  much 
earlier  than  the  morphologic  changes  associated  with 
irreversible  injury  (53,54)  and  therefore  serves  as  a  useful 
marker  for  early  ischemia.  Thus,  the  PAS  stain  can  be  used 
on  giant  histologic  sections  to  identify  grossly  the 
topographic  boundary  of  ischemic  myocardium. 

The  third  marker  used  in  our  studies  was  monastrel  blue 
dye.  As  demonstrated  by  others  (55,91),  vivo  injection 
of  this  dye  into  the  circulation  marks  the  perfused  tissue 
by  staining  it  bright  blue.  Post-mortem  analysis  identifies 
the  occluded  vascular  territory  by  its  lack  of  blue 
staining. 
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In  addition  to  other  studies  validating  the  use  of 
these  histologic  techniques,  our  approach  included 
validation  by  comparison  with  electron  microscopic  studies 
of  tissue  specimens.  The  location  of  each  tissue  sample  was 
accurately  recorded  by  photographing  the  heart  slices,  and 
subsequent  ultrastructural  analysis  confirmed  conclusions 
reached  by  histochemistry. 


SIGNIFICANCE  TESTING:  As  outlined  in  the  materials  and 
methods  section,  a  non-paired  two-tailed  Student's  t-test 
was  used  for  statistical  comparisons.  Using  a  significance 
level  (alpha)  of  0.05,  comparison  between  population  means 
for  all  values  of  regional  myocardial  perfusion  in  the 
normal,  underperfused  but  not  ischemic,  ischemic  but  not 
necrotic  and  necrotic  zones  at  three  hours  post-occlusion 
yielded  P  values  less  than  the  established  limit  for 
statistical  significance.  Because  mean  myocardial  blood 
flow  was  obtained  independently  for  each  zone  prior  to 
comparison  between  population  means,  considerations  of 
multiple  t-test  analyses  do  not  apply  (1) .  The  experimental 
design  dictated  division  of  samples  into  different, 
independent  groups  prior  to  analysis,  rather  than 
stratification  of  groups  for  purposes  of  statistical 
comparison. 

A  type  I  error  arises  from  multiple  comparisons  for 
each  variable  between  various  subgroups  within  an 


experimental  population,  as  would  be  observed  in  a  large 
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clinical  trial  (1) .  Increasing  the  number  of  such 
comparisons  consequently  increases  the  probability  that  a 
statistically  significant  difference  would  be  observed  when 
none  actually  exists.  Because  results  in  this  study  are 
based  on  comparisons  of  one  variable  between  several 
independent  groups  rather  than  post-experiment 
stratifications  of  the  same  group,  we  are  not  at  risk  of 
committing  a  type  I  error.  This  would  not  be  the  case  if, 
for  example,  we  were  to  compare  mean  regional  perfusion 
between  all  animals  in  an  attempt  to  elucidate  significant 
differences. 

Correction  for  the  possibility  of  a  type  I  error  can  be 
accomplished  by  performing  the  Bonferroni  procedure  (1) • 
Given  an  initial  significance  level  of  alpha,  an  "adjusted" 
significance  level  (alpha*)  can  be  calculated  as 

alpha 

alpha*  =  - 

k 

where  k  represents  the  number  of  comparisons,  or  t-tests,  to 
be  performed  between  the  groups.  In  order  for  a  comparison 
to  achieve  statistical  significance,  the  P  value  must  now  be 
less  than  alpha*. 

Although  application  of  this  procedure  is  not  required 
to  avoid  a  type  I  error  in  analysis  of  the  results  from  this 
study,  it  nevertheless  can  be  performed.  Comparisons 
between  population  means  for  all  four  groups  (normal, 
underperfused  but  not  ischemic,  ischemic  but  not  necrotic 
and  necrotic)  total  six  (k=6) .  This  establishes  a  new 
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significance  level  (alpha*)  of  0.05/6  or  0.0083.  As 
discussed  above,  all  performed  t-tests  between  these 
population  means  gave  P  values  of  <0.005  or  <0.001  with  the 
exception  of  the  comparison  between  the  normal  and 
underperfused  but  not  ischemic  zones  (p<0.05).  Excluding 
this  latter  result,  the  comparisons  remain  statistically 
significant  given  the  adjusted  significance  level  of  <0.008. 

In  concluding  that  the  difference  between  mean 
myocardial  blood  flow  to  the  normal  and  to  the  underperfused 
but  not  ischemic  zones  is  not  statistically  significant 
based  on  the  Bonferroni  procedure,  care  must  be  taken  to 
avoid  committing  a  type  II  error.  This  error  is  the 
consequence  of  concluding  a  lack  of  statistical  significance 
based  on  the  P  value  calculated  from  population  means  for 
groups  with  small  sample  sizes  (n=3  in  the  underperfused  but 
not  ischemic  group)  (25) .  Assuming  the  population  mean 
calculated  from  the  given  number  of  samples  is 
representative  of  the  true  value,  additional  samples  would 
alter  the  population  mean  minimally  yet  narrow  the  standard 
deviation  and  decrease  the  calculated  P  value  dramatically. 

Mean  myocardial  blood  flow  within  the  normal  zone  at 
three  hours  was  88  ml/min/lOOgm  and  mean  flow  in  the 
underperfused  but  not  ischemic  zone  was  68  ml/min/lOOgm.  As 
illustrated  in  figure  3,  these  differences,  although  they  do 
not  reach  statistical  significance  when  the  Bonferroni 
procedure  is  performed,  are  quantitatively  impressive. 
While  care  must  be  taken  to  avoid  committing  a  type  I  error. 
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so  too  should  we  not  ignore  the  quantitative  differences 
between  these  population  means,  i.e.  commit  a  type  II  error 
in  concluding  a  lack  of  significance  based  on  small  sample 
size. 

Although  comparisons  between  three  hour  post-occlusion 
flows  in  the  four  sample  groups  considered  here  reveal 
differences  which  are  both  quantitatively  and  statistically 
significant,  performance  of  the  Bonferroni  procedure 
(however  applicable)  demonstrates  the  need  for  large  sample 
sizes  when  comparing  population  means.  Unlike  larger 
clinical  trials,  the  number  of  samples  in  each  group  could 
not  be  dictated  in  this  experimental  design,  and  was 
dependent  on  the  variability  of  ischemic  injury  between 
animals.  While  the  resulting  comparisons  reach  statistical 
as  well  as  quantitative  significance,  increasing  the  sample 
size  by  studying  more  animals  would  surely  decrease  the 
standard  errors  of  the  means  and  the  corresponding  P  values, 
illustrating  even  more  convincing  differences  than  the  ones 
observed. 

ZONE  DISCRIMINATION:  Because  of  the  large  size  of  each 
sample  compared  to  the  size  of  the  ventricle,  discrimination 
between  the  subtle  differences  in  staining  characteristics 
of  adjacent  myocardium  was  less  than  perfect.  Most  samples 
contained  portions  "contaminated"  by  their  inclusion  into 
more  than  one  zone  as  identified  by  our  histologic 
techniques.  By  assigning  each  sample  a  value  between  0  and 
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1  for  each  stain,  the  degree  to  which  a  given  sample 
represented  tissue  from  more  than  one  zone  could  be  assessed 
quantitatively  and  used  in  the  analysis  of  the  perfusion 
data.  By  limiting  analysis  to  only  those  samples  without 
any  signs  of  "contamination",  only  two  groups  (normal 
myocardium  and  necrotic  myocardium)  contained  enough 
samples  to  be  meaningfully  included  in  the  results. 
Consequently  the  criteria  for  inclusion  into  the  various 
groups  were  "expanded"  to  include  a  small  amount  of 
"contamination."  The  resulting  increase  in  sample  size  in 
the  underperfused  but  not  ischemic  zone  and  the  ischemic  but 
not  necrotic  zone  provided  enough  data  from  which  to  draw 
conclusions.  Similar  "expansion"  was  also  done  for  the 
group  containing  samples  from  necrotic  regions  of 
myocardium. 

Comparison  of  the  mean  values  for  regional  perfusion 
before  and  after  "expansion"  indicates  that  while  the 
resulting  values  for  blood  flow  are  different,  these 
differences  are  relatively  small  (tables  6  and  7) .  This  is 
particularly  noticeable  in  the  TTC  negative  (necrotic) 
group.  Mean  myocardial  blood  flow  values  prior  to  occlusion, 
20  minutes  post-occlusion  and  three  hours  post-occlusion 
before  "expansion"  of  sample  groups  were  126  +13,  9+2  and 
4+2  ml/min/lOOmg  (n=4) .  After  "expansion"  they  were  121  + 
18,  8+3  and  6+3  ml/min/lOOgm  (n=5) .  This  suggests  that 
altering  the  criteria  to  allow  for  inclusion  of  samples  with 
<20%  and  >80%  instead  of  0%  and  100%  staining  specificity 
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adds  the  benefit  of  increased  sample  size  without 
sacrificing  accuracy  of  representation. 

While  including  minimally  "contaminated"  samples 
permitted  incorporation  of  additional  measurements  into  the 
calculations  of  flow,  the  majority  of  underperfused  samples 
remained  unclassified  due  to  significant  heterogeneity  of 
staining.  These  samples  were  included  in  the  results  by 
creating  "mixed"  categories  which  contained  those  samples 
exhibiting  between  20%  and  80%  staining.  Calculations  of 
mean  myocardial  blood  flow  in  these  groups  demonstrate  a 
gradient  of  flow  corresponding  to  the  degree  of  injury 
similar  to  that  for  the  "pure"  groups.  Because  of  the 
significant  contamination  of  these  samples,  however,  one 
sample  could  contain  such  a  variety  of  flows  that 
quantitative  comparison  with  the  "pure"  groups  would  be 
without  meaning.  Hence,  these  results  can  be  used  only  to 
support  the  likelihood  that  a  gradient  of  flow  exists  within 


the  area  at  risk. 
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CONCLUSION 

In  this  study  we  have  been  able  to  demonstrate  that  a 
three  hour  LAD  occlusion  in  the  closed-chest  canine  model 
does  not  result  in  clearly  differentiated  normal  and 
abnormal  zones.  Rather,  a  heterogeneity  of  injury  is  found 
corresponding  to  the  degree  of  flow  reduction.  Moreover, 
the  similarity  between  myocardial  perfusion  at  three  hours 
and  at  20  minutes  after  occlusion  leads  to  the  conclusion 
that  flow  reduction  may  remain  constant  in  the  early  hours 
of  ischemia.  Because  there  is  significant  variation  in  the 
degree  of  injury  between  necrotic  and  normal  tissue,  it  is 
not  sufficient  to  divide  the  area  at  risk  into  normal  and 
abnormal  zones.  There  exist  intermediate  zones  in  which  the 
degree  of  ischemic  injury  can  be  illustrated  with 
histochemistry  and  the  blood  flow  reduction  can  be 
quantitated  with  radiolabeled  microspheres.  This  implies 
that  significant  regions  of  myocardium  could  benefit  from 
interventions  designed  to  improve  perfusion.  Clinically, 
the  challenge  is  to  evaluate  a  patient  with  chest  pain  for 
the  presence  of  compromised  tissue  which  is  not  necrotic, 
yet  lies  within  the  area  at  risk.  Such  myocardium  is 
characterized  by  varying  degrees  of  reduced  blood  flow  which 
are  manifest  as  differences  in  the  severity  of  metabolic 
damage.  The  perfusion  deficit  is  the  same  20  minutes  and 
three  hours  following  coronary  artery  occlusion,  and  hence, 

interventions 


despite  inconclusive  clinical  results. 
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designed  to  restore  myocardial  blood  flow  are  appropriate 
therapeutic  maneuvers  in  attempting  to  limit  myocardial 
infarct  size. 
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APPENDIX  I 

Regional  Perfusion  in  the  Normal  Canine 
Left  Ventricle 

Rather  than  exhibiting  a  uniform  regional  perfusion 
across  the  entire  myocardium,  the  normal  canine  left 
ventricle  has  variations  in  perfusion  from  apex  to  base,  and 
from  subendocardium  to  subepicardium.  By  utilizing  only  the 
data  for  regional  myocardial  blood  flow  obtained  with  the 
injection  of  the  first  set  of  radioactive  microspheres 
(prior  to  occlusion) ,  variations  in  blood  flow  in  the 
normal,  non-ischemic  left  ventricle  can  be  elucidated.  As 
discussed  above ,  microsphere  loss  from  ischemic  tissue  was 
not  felt  to  be  a  significant  factor  in  affecting 
determinations  of  flow,  and  therefore  values  for 
preocclusion  flow  should  not  reflect  the  subsequent  ischemic 
insult. 

Similar  to  the  results  discussed  in  the  body  of  this 
study,  regional  myocardial  perfusion  was  calculated  as  a 
"mean  of  means"  for  each  group.  All  samples  were  included 
in  the  calculations  as  prior  to  occlusion  there  are  no 
abnormal  "zones."  Instead  of  dividing  samples  into  groups 
based  on  heterogeneity  of  injury,  they  were  divided  into 
groups  based  on  location.  These  include  slice  one  (apex) , 
slice  three  or  slice  five  (base) ,  and  subepicardium, 
mesocardium  or  subendocardium  for  each  slice.  Slice  1,  the 
apical  slice,  was  too  small  to  divide  into  three  transmural 
therefore  there  is  no  "mesocardial"  group. 
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Results  are  shown  in  table  9,  and  are  expressed  as  mean  + 
standard  error. 

Analysis  of  these  results  illustrates  that  apical 
subendocardium  receives  the  greatest  blood  flow  (148  +  37 
ml/min/lOOgm. )  while  the  basal  subepicardium  receives  the 
least  (80  +  9  ml/min/lOOgm. )  (p<0.001).  As  suggested  by 
others,  these  results  indicate  that  perfusion  decreases  from 
apex  to  base  (69)  and  from  subendocardium  to  subepicardium 
(23,61).  Blood  flow  across  normal  myocardium  is  therefore 
not  uniform  but  preferentially  distributes  to  tissues 
supplied  by  terminal  vessels.  Experimentally  as  well  as 
clinically,  these  are  the  regions  of  myocardium  which 
consistently  demonstrate  the  most  severe  ischemic  injury; 
while  flow  in  the  absence  of  pathology  may  be  high, 
occlusion  of  a  coronary  artery  reduces  flow  most 
dramatically  to  the  distal  arterioles. 
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APPENDIX  II 

Defining  a  "Control"  Flow 

Several  approaches  may  be  utilized  in  the  definition  of 
a  "control"  flow  for  comparison  to  the  regional  perfusion  in 
areas  of  interest.  In  order  to  express  myocardial  blood 
flow  as  a  "percent  of  control"  the  investigator  must  first 
define  exactly  what  is  being  used  as  the  "control."  Among 
the  many  options  is  the  use  of  a  mean  value  for  preocclusion 
flow  throughout  the  entire  myocardium.  While  standardized, 
this  model  encounters  difficulty  when  one  appreciates  the 
normal  variability  in  regional  flows  from  apex  to  base  and 
subendocardium  to  subepicardium  (see  appendix  I) . 
Accordingly,  the  control  values  can  be  subdivided  into 
subendocardial  and  subepicardial,  apical  and  basal 
categories.  Subsequently,  the  post-occlusion  values  for  an 
apical  subendocardial  segment  would  be  expressed  as  a 
percent  of  the  preocclusion  mean  for  all  apical 
subendocardial  segments.  Similarly,  mean  post-occlusion 
flows  for  a  basal  subepicardial  segment  would  be  expressed 
as  a  percent  of  the  mean  preocclusion  flow  in  all  basal 
subepicardial  segments. 

A  second  option  is  to  use  each  sample  as  its  own 
control,  comparing  the  post-occlusion  flow  to  the 
preocclusion  flow  in  the  same  sample  (101) .  This  model 
corrects  for  the  variability  in  normal  myocardium  by 
assuming  regional  perfusion  to  be  dependent  on  regional 
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needs.  The  results  of  applying  this  method  of  normalizing 
flow  data  to  regional  perfusion  determined  in  this  study  are 
shown  in  table  10.  Flows  in  the  necrotic,  ischemic  but  not 
necrotic  and  normal  zones  are  almost  identical  to  the 
absolute  values  shown  in  table  7.  Results  for  the 
underperfused  but  not  ischemic  zone  however  are  considerably 
different.  This  is  primarily  the  result  of  data  from  dog 
#6,  with  flows  at  20  minutes  of  167  +  100%  and  at  three 
hours  of  176  +  109%  (n=2) .  The  extremely  large  standard 
deviation  with  a  small  n  indicates  the  probable 
unreliability  of  these  values  in  this  animal.  Exclusion  of 
this  animal  yields  20  minute  and  three  hour  flows  of  60%  and 
64%  respectively,  almost  identical  to  the  results  in  table 
7. 

The  third  option  is  to  consider  that  the  "control"  flow 
varies  temporally  during  the  experiment;  myocardial  needs 
prior  to  occlusion  are  different  than  3  hours  post¬ 
occlusion.  Regional  perfusion  is  therefore  expressed  as  a 
percentage  of  flow  in  the  "normal"  myocardium  at  the  same 
point  during  the  experiment.  "Control"  flow  at  three  hours 
is  defined  as  the  mean  blood  flow  in  the  segments  of 
myocardium  metabolically ,  histologically  and  functionally 
without  evidence  of  ischemic  injury  at  three  hours.  This 
model  has  the  advantage  of  incorporating  into  the  results 
concepts  of  changing  demand  on  myocardium  following  the 
stress  of  an  ischemic  injury.  Table  11  contains  the  flow 
data  from  this  study  expressed  as  a  percent  of  simultaneous 
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flow  in  normal  regions  of  myocardium.  As  with  the  data  in 
table  10,  comparison  to  the  results  shown  in  table  7  reveals 
little  difference  in  the  magnitude  of  the  values  for  each 
determination . 

In  this  study  flow  data  are  expressed  as  absolute 
values  rather  than  as  "%  of  control."  This  was  done  to 
avoid  the  complexities  of  interpretation  and  to  present  the 
data  in  a  more  straightforward  fashion. 
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APPENDIX  III 

Determination  of  Regional  Myocardial  Perfusion 
with  Radionuclide  Labeled  Microspheres 


Background: 


Attempts  to  accurately  measure  distribution  of  cardiac 

output  and  organ  blood  flow  were  greatly  enhanced  with  the 

advent  in  1967  of  plastic  microspheres  labeled  with 

radioactive  isotopes  (98) .  Earlier  studies  of  the 

circulation  employed  a  variety  of  indicator  particles  which, 

while  useful,  were  limitted  in  their  application  by 

inherent  sources  of  potential  error.  As  discussed  by  Wagner, 

et  al.  (119)  and  Heymann,  et  al.  (46),  the  injection  of 

particulate  tracers  into  the  vascular  compartment  was 

introduced  by  Pohlman  in  1909  (85) ,  who  employed  starch 

granules  to  trace  blood  flow  patterns  in  the  fetal  pig. 

Glass  microspheres,  initially  used  by  Prinzmetal,  et  al. 

(86,87)  to  study  vascular  anastomoses,  were  later  bombarded 

with  neutrons,  converting  the  sodium  in  the  glass  into 
24 

radioactive  Na  (21,36,67).  Following  injection  into  the 
vascular  compartment,  this  produced  localized  tissue 
radiation  presumably  proportional  to  blood  flow.  Labeling 
ceramic  microspheres  with  radionuclides  (40,51,124)  applied 
the  same  principle  to  the  study  of  the  circulation  but 
shared  the  disadvantage  that  both  particles  were 
considerably  heavier  than  the  erythrocyte,  and  therefore 
sedimented  too  rapidly  for  dependable  use  (46) . 


use 


:ti 


i  \'ii  rr.' t 

■’-X-OTgjf 

•  ‘  '  f. ' >  1  V  <  '«*  7»»  >jv/-n;*rt  o.f  nJ‘  .  -  •'.  ')  a 

J  ^  bAB  ’iit; 

‘  i  j  .  ♦  5  T  ;t  u**  I,  0i  tmm 

(>*/^  .'♦2C-'0««li  •vi?OBC3i^ 

0  notfmtur 

mtm9  «; 

•  ft  ♦  ^  M-iB, 

'i-  r.*trjMV»)4 

■» '  1  '  ■ .  J  ( '  I  i\  . 

» ft.m  ( ri  .  _  , .  _  • 

'  .  1  ?•«.  d  «*;<  ^ 

I  •*•  '■•  i-Ti  ,  ■osarli')f'o*:rj:a  «aiii 

•  ■•  *•>.  •  -•  ‘C.  ■  •-■•  .  flMlAV 

'  *  rr  L  i  .mn&TfiMkft  lb 

ft 

r  .  A  f  , ; ;  >  #n  ^ ^ob^ 

L.t  ../ftaV'  i  9i(ij  ,  IBijMM 

•  «i:'i  Ii'D'Z  /i."  >/  BB^f Ib 

'  ■■»  >>•  '*■’»  t-J  «  i  qi.rxiiTr';  '>aB4|  | 

j0.:iS  B^B^mMVfirBBib  Blf.t 


-47- 


Macroaggregates  of  albumin  labeled  with  radioactive  iodine 
and,  more  recently,  dextran  particles  have  also  been 
developed  (35,44,96,117-119,126),  but  the  radiolabeled 
plastic  microsphere,  with  a  reliable  uniformity  in  size, 
ready  availability  and  specific  gravity  close  to  that  of 
serum,  has  assumed  the  most  prominent  role  in  the  study  of 
the  circulation. 

"Carbonized  Microspheres:” 

Known  as  "carbonized  plastic  tracer  microspheres,"  they 
have  a  specific  gravity  of  approximately  1.3  (compared  to 
about  1.05  for  whole  blood)  and  are  composed  of  an  inert 
plastic  into  which  the  radionuclide  is  incorporated  (46) . 
The  number  of  counts-per-minute  (cpm)  is  therefore  dependent 
on  microsphere  size.  They  are  available  in  sizes  ranging 
from  2-4  to  50-um  in  diameter  and  come  suspended  in  10% 
dextran  with  0.19%  by  volume  Tween-80  (polyoxyethylene  80 
sorbitan  monooleate,  a  detergent  to  prevent  clumping) . 

Regional  perfusion  at  different  time  intervals  in  the 
same  animal  can  be  determined  by  using  microspheres  labeled 
with  different  radionuclides.  Using  a  multichannel  pulse- 
height  gamma  counter  to  analyse  the  tissue  samples,  peaks 
from  the  different  isotopes  can  be  identified  and 
guantitated.  The  contribution  of  each  isotope  can  be 
determined  from  the  resulting  spectral  profile  either 
manually  or  through  the  use  of  computer  analysis.  The 
mathematics  are  explored  in  detail  by  Heymann,  et  al.  (46). 
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Principles  of  Use: 

As  outlined  by  several  authors  (4,14,23,32,46,68,98,115, 
125) ,  obtaining  accurate  and  precise  results  from  the  use  of 
radiolabeled  microspheres  depends  upon  satisfying  the 
following  principles: 

1)  They  must  be  well  mixed  prior  to  their 
distribution  into  the  systemic  circulation; 

2)  the  distribution  of  microspheres  must  be 
proportional  to  blood  flow; 

3)  they  must  be  completely  trapped  during  their 
first  transit  through  the  circulation; 

4)  they  must  remain  trapped  in  the  capillary  bed 
for  the  duration  of  the  experiment; 

5)  their  use  must  not  alter  hemodynamics  or  flow 
profiles ; 

6)  they  must  be  biologically  inert  and  retain 
their  radioactive  label ;  and 

7)  there  must  be  enough  microspheres  per  sample  to 
insure  random  variation  in  distribution 
introduces  only  negligible  error. 

These  principles  dictate  that  care  must  be  taken  in 
choosing  the  method  for  injection  and  the  size  and  number  of 
microspheres  to  be  injected.  Both  left  ventricular  and 
left  atrial  sites  have  been  shown  to  provide  for  adequate 
mixing  (14) ,  while  the  number  and  size  of  the  injected 
particles  depends  on  the  tissue  to  be  studied.  By  assuming  a 
Poisson  distribution  of  microspheres,  Buckberg  et  al.  (14) 
and  others  (46)  have  demonstrated  that  no  less  than  384 
microspheres  per  sample  are  required  to  achieve  a 
distribution  variability  of  less  than  10%  at  the  95% 


■» 


tifli  • 


le-stlaMi 

4  t*.*  j :  i  aA 

J  -  1*1  T  I  •-  1  A  «i40  ,  ( 

-  i  ■€•  '‘-Ir.  i€>J 


■,'  -  •  ■  !• 

it 

I ..  i '  I  y  ■♦  *  I  / ' 

Ill  "  -I,* 

*  '  ’  J 

1  •  [•4J 

’  -  .1  ■  '  •  .  ;  %f<4f 

1*1  *  »1  .»«  {  ^ 

•-  . 

... n i  }%  rnmmttt 

I  w««a#l  *  «•«  f  An  sCcsaqai^  MlHlII 


*  ^  3  rsolKidl 


“49- 


confidence  level.  Given  that  the  canine  ventricle  receives 
~1%  of  the  cardiac  output,  injection  of  3,000,000  particles 
into  the  circulation  should  result  in  trapping  of  -30,000 
across  the  myocardium,  sufficient  for  accurate  and  precise 
measurements  of  blood  flow. 

Choice  of  an  appropriate  size  microsphere  is  dependent 
on  several  variables.  The  particles  must  be  large  enough  to 
trap  in  capillaries  and  not  shunt  or  dislodge  during  the 
experiment,  yet  must  be  small  enough  to  travel  in  a  pattern 
similar  to  erythrocytes.  Larger  particles  have  been  shown 
to  migrate  axially  more  rapidly  than  smaller  ones  (83,109), 
while  smaller  ones  behave  more  like  red  cells  (46) .  Studies 
using  frozen  arterial  sections  demonstrate  that  68%  of  50-um 
microspheres  are  "found  within  half  the  radial  distance  from 
the  center  of  the  artery,  and  89%  within  three-fourths  of 
the  radial  distance  from  the  center"  (81) .  This  is  in 
contrast  to  the  behavior  of  red  cells,  which,  except  for  a 
slight  increase  in  concentration  along  vessel  walls,  are 
more  evenly  distributed  (46) .  Increased  particle  size  may 
therefore  result  in  preferential  streaming  of  microspheres 
to  distal  vessels  over  those  that  arise  more  proximally, 
leading  to  inaccurate  measures  of  blood  flow  distribution 
within  organs.  Smaller  particles,  while  behaving  more  like 
erythrocytes,  are  at  greater  risk  for  both  failure  to  trap 
during  the  first  pass  and  shunting  across  arterial  beds. 
Many  investigators  addressing  this  problem  have  concluded 
that  the  15-um  microsphere  represents  an  ideal  compromise. 
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with  compelete  trapping,  less  than  1%  shunting  and 
distribution  more  closely  approximating  that  of  the  red  cell 
(4,14,28,32,46) . 


Calculation  of  Blood  Flow: 


Assuming  adequate  mixing,  complete  trapping  without 
particle  loss  and  appropriate  distribution,  the  number  of 
microspheres  present  in  a  given  sample  of  tissue  should  be 
proportional  to  the  blood  flow  to  that  sample.  The  number 
of  microspheres  present  (q)  at  time  t,  can  be  calculated  as: 


q(t) 


/ 


C(t)  dt 


o 


where  f  is  the  blood  flow  to  the  sample  and  C(t)  is  the 
concentration  of  microspheres  in  the  arterial  blood  (57) . 
Trapping  of  microspheres  by  the  tissues  performs  a 
physiologic  integration  of  the  variation  in  concentration 
with  time,  and  because  C(t)  begins  at  zero  prior  to 
injection  and  returns  to  zero  after  complete  trapping,  this 
integral  has  finite  limits.  If  the  total  number  of 
microspheres  injected  (q')  and  the  cardiac  output  (C.O.)  are 
known,  the  above  equation  can  be  rewritten  as  (14) : 


Using  these  two  equations  to  solve  for  q(t)  gives: 
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q' 

q(t)  =  f  *  — — 

c.o. 


Converting  number  of  microspheres  to  counts-per-minute  (cpm) 
detected  yields: 

total  cpm  injected 

sample  cpm  =  sample  blood  flow  *  — — - — - 

cardiac  output 


Rearranging: 


sample  cpm 

sample  blood  flow  =  C.O.  * - - - - - - 

total  cpm  injected 


This  method  enables  the  experimenter  to  calculate  blood 
flow  to  any  sample  but  requires  that  both  the  cardiac  output 
and  the  total  radiocativity  injected  are  known.  A 
modification  of  this  technique,  known  as  the  "systemic 
arterial  reference  sample  technique"  was  introduced  in  1968 
(68)  and  subsequently  described  by  several  authors 
(4,14,23,46).  Cardiac  output  represents  the  blood  flow  to 
the  entire  animal,  while  the  total  number  of  microspheres 
injected  is  the  total  number  trapped  in  the  entire  animal. 
Analogously,  the  number  of  microspheres  in  any  one  organ 
could  be  substituted  for  q*  if  the  blood  flow  to  that  organ 
were  known.  In  this  case  the  blood  flow  to  the  organ  is 
analogous  to  the  cardiac  output  and  is  termed  the  "reference 
blood  flow"  to  the  "reference"  organ.  Thus: 
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I(t)  = 
r 


f 

r 


o 

/ 


C(t)  dt 


where  I(t)  is  the  radioactivity  in  the  reference  organ  and 
r 

f  is  the  blood  flow  to  the  reference  organ.  Rearranging  as 
r 

above : 


I 

s 

sample  blood  flow  =  f  *  - 

r  I 

r 


where  I  is  the  total  cpm  in  the  sample  and  I  is  the  total 
s  r 

cpm  in  the  reference  organ.  Withdrawing  blood  from  an 

arterial  catheter  at  a  known  rate  creates  a  "surrogate" 

organ,  experimentally  integrating  C(t)  over  time  into  a 

reservoir  of  arterial  blood.  Total  radioactivity  in  the 

arterial  sample  and  the  withdrawal  rate  can  therefore  be 

substituted  for  I  and  f  respectively.  In  this  manner 

r  r 

blood  flow  to  any  tissue  sample  can  be  calculated  as: 

I 

s 

sample  blood  flow  =  f  *  - 

a  I 

a 


where  f  is  the  withdrawal  rate  of  the  arterial  reference 

a 

sample  and  I  is  the  total  cpm  in  the  withdrawn  blood, 
a 

Provided  the  principles  of  use  are  observed,  the  blood 
flow  to  any  sample  of  tissue  can  be  determined  accurately 
and  precisely.  Introduction  of  the  "reference  withdrawal 
method"  has  made  this  determination  simpler  and  afforded 
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investigators  broader  applications.  In  this  study,  the  use 
of  radionuclide  labeled  microspheres  enabled  evaluation  of 
differences  in  regional  myocardial  perfusion  between 
morphologically  delineated  zones  of  differing  ischemic 
injury  early  in  the  evolution  of  a  myocardial  infarction. 


f  e- 


T<.  il  r  > 

!'•  ‘  to  /'-Jk"- 'I'DiL.T  »!v  t  i  iM.J-mo 

.  *:  -  jq  i  i,  ,'  ■,.  !  r  • ,  *.v  j.  ■  i  ^  :  •*  1  SITDIIi^IMM 

■■■•  ^  t  JIM-  r.  tv»  ■»,.Kil  f  at--  >  1  £ Aol^iaii|!E 

■i  'c  .  J  •  •  -,•«  >.!;»  ,-.  ;  yllrt^k 


-54- 


REFERENCES 


1.  Abt,  K. :  Problems  of  repeated  significance  testing. 

Controlled  Clin.  Trials  1:377-81,  1981. 

2.  Andersen,  K.S.,  Skjerven,  R. ,  Lekven,  J. :  Stability  of 
8-,  15- ,  and  26-micron  microspheres  entrapped  in  feline 
myocardium.  Am.  J.  Physiol.  244 (13) :H121-H130,  1983. 

3.  Andersen,  K.S.,  Skjaerven,  R. ,  Lekven,  J. :  Measurement 
of  local  blood  flow  in  acute  myocardial  infarction: 
Loss  of  15-micron  microspheres  during  the  first  hour. 
Acta  Physiol.  Scand.  123:373-381,  1985. 

4.  Archie,  J.P.  Jr.,  Fixler,  D.E.,  Ullyot,  D.J.,  Hoffman, 
J.I.E.,  Utley,  J.R.  and  Carlson,  E.L.:  Measurement  of 
cardiac  output  with  and  organ  trapping  of  radioactive 
microspheres.  J.  Appl.  Physiol.  35 ( 1)  : 148-154 ,  1973. 

5.  Bajusz,  E.  and  Jasmin,  G. :  Histochemical  studies  on 

the  myocardium  following  experimental  interference  with 
coronary  circulation  in  the  rat.  I:  Occlusion  of 

coronary  artery.  Acta  Histochem. ,  Bd.  18:S. 222-37, 
1964  . 

6.  Baroldi,  G. :  Myocardial  infarction  and  sudden  coronary 
heart  death  in  relation  to  coronary  occlusion  and 
collateral  circulation.  Am.  Heart  J.  71:826-36,  1966. 

7.  Bilheimer,  D.W. ,  Buja,  L.M. ,  Parkey,  R.W. ,  Bonte,  F.J. 

and  Willerson,  J.T.:  Fatty  acid  accumulation  and 

abnormal  lipid  deposition  in  peripheral  and  border 
zones  of  experimental  myocardial  infarcts.  J.  Nucl. 
Med.  19 (3) :276-83,  1978. 

8.  Bishop,  S.P.,  White,  F.C.  and  Bloor,  C.  M. :  Regional 
myocardial  blood  flow  during  acute  myocardial 
infarction  in  the  conscious  dog.  Circ.  Res.  38(5) :429- 
438,  1976. 

9.  Block,  M.I.,  Said,  J.W. ,  Siegel,  R.J.  and  Fishbein, 

M.C.:  Myocardial  myoglobin  following  coronary  artery 

occlusion:  An  immunohistochemical  study.  Am.  J. 

Pathol.  111:374-9,  1983. 

10.  Block,  M. ,  Schwaiger,  M. ,  Schelbert,  H.R. ,  Wijns,  W. 
and  Fishbein,  M.C.:  Relationship  of  heterogeneity  of 

ischemic  injury  to  degree  of  blood  flow  reduction 
following  experimental  coronary  occlusion.  (Abstr.) 
Lab.  Invest.  54(1) :7A,  1986. 


:  X  ,9>dU| 


>.-*  ’  :i\ 


r 


j 


'r  .  -  Kt4  •( 

•  t  !kiiJ  '?*  1 

'.•' »  .<?,<  -  n!r*oy* 


1  *  ... .M  , ♦  f ,  1 

;  V  •  .  to  »»o.T 

.  ■-  A 

.  T  .  I  .  t. 

:"‘/’Ton 

-I  I  m  -sr* » •jia 


,  < 

'  '  •  :  ■  -.:  o:tJ 

'  rmurz 
f^^cno-y 
.  k-.‘)v  ( 

.  . 

.  .  ^  nf  A I 

.'  ♦«  f  W  -3  _  -  !  A. 

.  .  ti  .  •■  ^r.  4 1 A  • 

1  ;li  be* 

|l^«;->ciil^ 

-..  ►tJt-*  lo  €♦'.<> i 

;  1 1  f  t 

h  .. .  .1  :  • !  t  le-.'Oya 

:  icij  n:  'fvif^irUxi 
..‘"Cl 

K  .  -  .  I  .H  ,jiooX*  , 

1  l  •“  .  (  ;  :.3.*l 

i  •  iio.t -n*  I  ifioittwlr 

{H9i  •- f  V :  .  i :  1  . Ig^  * 

.  »•  ,  '  w  V  i  •  1^.-^  ,  •  **  1  ^510  Td  . 

J  .  .  D  .  K  ,ai  Vditfc  n  tKI* 

"  v»t'^.-:i  5i*rrr**tr.* 

TvjT  ..  •;  uSW i  .  A »  i  •  '*  • 


.  .1  . 
f 

1  o*> 


-55- 


11.  Blumgart,  H.L.,  Zoll,  P.M. ,  Freedberg,  A.S.  and 

Gilligan,  D.R. :  The  experimental  production  of 

intercoronary  anastomoses  and  their  functional 
significance.  Circulation  1:10-27,  1950. 

12.  Bogen,  D.K.,  Rabinowitz,  S.A.,  Needleman,  A.,  McMahon, 
T.A.  and  Abelmann,  W.H. :  An  analysis  of  the  mechanical 
disadvantage  of  myocardial  infarction  in  the  canine 
left  ventricle.  Circ.  Res.  47:728-41,  1980. 

13.  Braasch,  W. ,  Gudbjarnason,  W. ,  Puri,  P.S.,  Ravens,  K.G. 
and  Bing,  R. J. :  Early  changes  in  energy  metabolism  in 
the  myocardium  following  acute  coronary  artery 
occlusion  in  anesthetized  dogs.  Circ.  Res.  23:429-38, 
1968. 

14.  Buckberg,  G.D.,  Luck,  J.C.,  Payne,  D.B.,  Hoffman, 
J.I.E.,  Archie,  J.P.  and  Fixler,  D.E.:  Some  sources  of 
error  in  measuring  regional  blood  flow  with  radioactive 
microspheres.  J.  Appl.  Physiol.  31(4):  598-604,  1971. 

15.  Capurro,  N.L.,  Goldstein,  R.E.,  Aamodt,  T.  and  Epstein, 

S.E.:  Microsphere  loss  from  infarcted  myocardium:  An 

important  technical  limitaion.  (Abstr.)  Circulation  56 
(suppl  III):III-90,  1977. 

16.  Capurro,  N.L.,  Goldstein,  R.E.,  AAmodt,  R. ,  Smith,  H.J. 

and  Epstein,  S.E.:  Loss  of  microspheres  from  ischemic 
canine  cardiac  tissue:  An  important  technical 

limitation.  Circ.  Res.  44:223-227,  1979. 

17.  Cobb,  F.R.,  Bache,  R.J.  and  Greenfield,  J.C.:  Regional 
myocardial  blood  flow  in  awake  dogs.  J.  Clin.  Invest. 
53:1618-25,  1974. 

18.  Consigny,  P.M. ,  Verrier,  E.D.,  Payne,  B.D.,  Edelist, 

G. ,  Jester,  J.,  Baer,  R.W. ,  Vlahakes,  G.J.  and  Hoffman, 
J.I.E.:  Acute  and  chronic  microsphere  loss  from  canine 

left  ventricular  myocardium.  Am.  J.  Physiol. 

242 (11) :H392-H404,  1982. 

19.  Costantini,  C. ,  Corday,  E.,  Lang,  T-W. ,  Meerbaum,  S., 

Brasch,  J.,  Kaplan,  L. ,  Rubins,  S.,  Gold,  H.  and  Osher, 

J. :  Revascularization  after  3  Hours  of  coronary 

arterial  occlusion:  Effects  on  regional  cardiac 

metabolic  function  and  infarct  size.  Am.  J.  Cardiol. 
36:368-84,  1975. 

Crystal,  G.J.,  Boatwright,  R.B.,  Downey,  H.F.  and 
Bashour,  F.A. :  Shunting  of  microspheres  across  the 

canine  coronary  circulation.  Am.  J.  Physiol.  236 
(Heart  Circ.  Physiol.  5) (1) :H7-H12 ,  1979. 


20. 


-  ,  difr  i.^.n 

i  •‘‘v#-  »9'-c.«oJ«an? 

.  ■  ■  r  I ;  ■  ■:.  I  '  '  'V'k* 

i  *1.  1-  A  «  .X<0  -.  .  jV‘-Q  “ 

■•  *  t.l'.M  ^-<15  .A.T 

i  •tr2»r>:»v'«  tc* 

•  ’■•'■.'  i  .~iiU  f'liaj 


.  \  .,.■  V  ff?  ^*^ »  dQi43  ,  .V  i« 

r  .  r.'f-ivr  r?^.  ra  bftl^ 

Ui^i& XAQ4»4^«I  •rCf 
•  i.-r-nu  m;  riolliti|Di>^ 

S?<>I 


:  ^  . 

•  •  **  I 

♦  c 

»*1  ■'* i-, 
1  ■  40.^  •  .  ^  ■.. 

•«  .1 

»  i  •  rj?  i#  1 


•  ’  .  5  t  .  t 

j(  .>«  ;_>  ;  JCT»-*# 

•  •* -jw.i.i,- : 

..H  ■  n  .A 

:i7qirm 

'  :.  :v-.'  O 

i 


f  irl.'  i'..  I"  ^ 

I  I  I.  . 


»d  .  .  K  .  t  .  <f4a9  , 
-  9  I  •  :  *>  • «  jo  vw 
; ;  .  t  3  ;  n  .c  :  £  fc 


1  -i  . 

.•  •>  »*<•  ■  '  •  T.  .  JOdL  « 

■■* '  ‘  '  1  •>'* '^l‘■'■.  »  .r*  Aiv’rjA  i»4«t4W 

•  ■  .-  '  34 1  _ :  1  J^i#v 

.  .  t  H  ►!!-  i/I 


I 

ir  * 

i  I 


./S' 


‘.riA*  ,  m  vt:'!'?.’  , -O  ,  in .  *niE.,tBc3>  , 

.iii  ,1  .ileXg«A  ..C 

•4*  ]*7S«  vAl4r>ft*v«4  s  .1L 

*  j 4i/ i .''‘C 

47ti  J->»«.7aLi  laifji  Ci4l  >.  iv 

,4rf*,hriA<: 


(4 •>  I  •  Cl  pf?i  lAtfjsa  ; .  A .  1 

.t  .(*A  .iIOi^AllMlSlO 

Ari»f  .iJ  J-tS;  (1)  (•  .4AlirY«fl  •ivxid^ 


-56- 


21.  Delaney,  J.P.  and  Grim,  E.:  Canine  gastric  blood  flow 
and  its  distribution.  Am.  J.  Physiol.  207:1195-1202, 
1964 . 

22.  DeWood,  M.A. ,  Heit,  J. ,  Spores,  J,,  Berg,  R.  Jr., 

Selinger,  S.L.,  Rudy,  L.W.,  Hensley,  G.R.  and  Shields, 
P. :  Anterior  transmural  myocardial  infarction: 

Effects  of  surgical  coronary  reperfusion  on  global  and 
regional  left  ventricular  function.  J.  Am.  Coll. 
Cardiol.  1 (5) : 1223-34 ,  1983. 

23.  Domenech,  R.J.,  Hoffman,  J.I.E.,  Noble, 

Saunders,  K.B.,  Henson,  J.R.  and  Subijanto,  S.:  Total 
and  regional  coronary  blood  flow  measured  by 
radioactive  microspheres  in  conscious  and  anesthetized 
dogs.  Circ.  Res.  25:581-96,  1969. 

24.  Downey,  H.F.,  Bashour,  F.A. ,  Jishi,  B.  and  Parker, 

P.E.:  Arteriovenous  shunts  in  dilated  or  reperfused 

canine  coronary  vasculature.  Microvasc.  Res.  17:22-26, 
1979. 

25.  Dupont,  W.D.:  Sequential  stopping  rules  and 

sequentially  adjusted  P  values:  Does  one  require  the 

other?  Controlled  Clin.  Trials.  4:3-10,  1983. 

26.  Eckstein,  R.W. :  Coronary  interarterial  anastomoses  in 
young  pigs  and  mongrel  dogs.  Circ.  Res.  2:460-5,  1954. 

27.  Edwalds,  G.M. ,  Said,  J.W.,  Block,  M.I.,  Herscher,  L.L., 

Siegel,  R.J.  and  Fishbein,  M.C.:  Myocytolysis 

(vacuoloar  degeneration)  of  myocardium: 

Immunohistochemical  evidence  of  viability.  Hum. 
Pathol.  15:753-6,  1984. 

28.  Fan,  F. ,  Schuessler,  G.B.,  Chen,  R.Y.Z.  and  Chien,  S.: 
Determinations  of  blood  flow  and  shunting  of  9-  and  15- 
um  spheres  in  regional  beds.  Am.  J.  Physiol.  237 
(Heart  Circ.  Physiol.  6) ( 1) : H25-33 ,  1979. 

29.  Fishbein,  M.C.,  Maclean,  D.  and  Maroko,  P.R.:  The 

histopathologic  evolution  of  myocardial  infarction. 

Chest  73:843-849,  1978. 

Fishbein,  M.C.,  Hare,  C.A. ,  Gissen,  S.A.,  Spadaro,  J., 
Maclean,  D.  and  Maroko,  P.R.:  Identification  and 

quantification  of  histochemical  border  zones  during  the 
evolution  of  myocardial  infarction  in  the  rat. 
Cardiovasc.  Res.  14(1):41~49,  1980. 


30. 


i 


1 


I . 


I 

,  -J  ;  ^ 

:  *  r;)r>Jt 

*  -  *  •  I 


.S  i»ryH4  tiA*k  ..^.t  .^sfUilaC  .  f  <’ 
.  c«.-  ,  rr*;  >  *t*fr  1  ^  i  hnA 


.  ■  r. 

7.  ..  /  *  .  J-!  , 

*  V-  •  .  ^ 

,  ,  «  ■  f 

.  -t'lfr. 

.  -j  .  /  . 

■:  r  i  Sj'7, 

■ '  ■’ 

■7  :'  -  ;i.  :  ■ 

'■  •  T. 

•  ■  *  ■'  - 

,  ('  *4  ’ 

y,  .•  ’  ) 

'  ’Si 

'  f  •  '. 

;  i'>.. 

i.'  _  n 

(■  .'  t 

■ 

;  f^.'l 

.  t<oilnL»3 

•isi*  . : '. 

1 

-  fi  .  X 

.~S.J  ■!  .... 

f^<\h 

i  1 

■■'inf  •iv'i 

’*  ■  f’t>.L  t/n-t 

■ 

• 

i  >n  :  - 

.  <  .i 

’ 

••  I  ‘  ’-•J  '^*1  ‘  *  *  '’■ 

:  .5 

f-\  :  ,  i  ■ 

1.;  (■;*•.'. 

\  9  * 

»  V 

. 

C  « 

■  ■  ■  . 

■vtiM  .  r  . 
I  .  ft 

^  I  tk>nii 
'  .  .  1  .  iod  '  ; 

..  ;''.i'\j«)  .  \ 

■■  a  1  .  t  j  )i  rani^xmJ^ 
.\.->l0»-j  r:  a»'jBixit|«  flV 

-  _  ,i  *  ■  f  ■  .  J  .  fi  rt  .  .  t. '  , 

• '  ;*  r.  *  o  ',  i.i ■;  i  ;;>«>  J  •  < . . .  i  ',  ,  • 

.*'-*?  .  *  f  M <» :  '  T ..  'i ‘ 

.‘i  V  J r< i iiKlil  1 4  1  -'ll 

oi  jiiiit  .d 

ijx9^.r.Kij9iti  la  noljiooi-!  A'V 
2  .3  CTwi  7t' 


-57- 


31.  Fishbein,  M.C.,  Meerbaum,  S.,  Rit,  J.,  Lando,  V. , 

Kanmatsuse,  K. ,  Mercier,  J.C.,  Corday,  E.  and  Ganz ,  W. : 
Early  phase  acute  myocardial  infarct  size 
quantification:  Validation  of  the  triphenyl 

tetrazolium  chloride  tissue  enzyme  staining  technique. 
Am.  Heart  J.  101:593-600,  1981. 

32.  Fortuin,  N. J. ,  Kaihara,  S.,  Becker,  L.C.  and  Pitt,  B. : 
Regional  myocardial  blood  flow  in  the  dog  studied  with 
radioactive  microspheres.  Cardiovasc.  Res.  5:331-6, 
1971. 

33.  Gallagher,  K.P.,  Kumada,  T. ,  Mckown,  D. ,  Kemper,  W.S. 
and  Ross,  J. :  Relation  between  transmural  myocardial 
blood  flow  distribution  and  regional  systolic  wall 
thickening  during  ischemia.  (Abstr.)  Circulation 
60(suppl  II):  11-29,  1979. 

34.  Gallagher,  K.P.,  Matsuzaki,  M. ,  Koziol,  J.A.,  Kemper, 
W.S.,  Ross,  J. Jr. :  Regional  myocardial  perfusion  and 
wall  thickening  during  ischemia  in  conscious  dogs. 
Am.  J.  Physiol.  247  (5)  : H727-H738 ,  1984. 

35.  Ganz,  W. ,  Buchbinder,  H. ,  Marcus,  H. ,  Mondkar,  A., 

Maddahi,  J.  Charuzi,  Y.,  O'Connor,  L. ,  Shell,  W. , 
Fishbein,  M.C.,  Kass,  R. ,  Miyamoto,  A.  and  Swan, 
H.J.L.:  Intracoronary  thrombolysis  in  evolving 

myocardial  infarction.  Am.  Heart  J.  101:4-13,  1981. 

36.  Grim,  E.  and  Lindseth,  E.O.:  Distribution  of  blood 

flow  to  the  tissues  of  the  small  intestine  of  the  dog. 
Univ.  Minn.  Med.  Bull.  30:138-45,  1958. 

37.  Grong,  K. ,  Jodalen,  H. ,  Stangeland,  L. ,  Vik-Mo,  H.  and 

Lekven,  J. :  Cellular  lipid  accumulation  in  different 

regions  of  myocardial  infarcts  in  cats  during  beta 
adrenergic  blockade  with  timolol.  Cardiovasc.  Res. 

20 (4) : 248-255,  1986. 

38.  Guth,  B.D.,  White,  F.C.,  Gallagher,  K.P.  and  Bloor, 

C.M. :  Decreased  systolic  wall  thickening  in  myocardium 

adjacent  to  ischemic  zones  in  conscious  swine  during 
brief  coronary  artery  occlusion.  Am.  Heart  J.  107:458- 
64,  1984. 

39.  Hamby,  R.I.,  Aintablian,  A.  and  Schwartz,  A.: 

Reappraisal  of  the  functional  significance  of  the 
coronary  collateral  circulation.  Am.  J.  Cardiol. 

38:305-9,  1976. 

40.  Hamlin,  R.L.,  Marsland,  W.P.,  Smith,  C.R.  and 

Sapirstein,  L.A. :  Fractional  distribution  of  right 

ventricular  output  in  the  lungs  of  dogs.  Circ.  Res. 
10:763-6,  1962. 


*rc- 


:  -5»If  .ii  , 

yXi*! 

-Ii  .  1  i:  5.'ljbMf^ 

■  !•  .  I'.'  .ctj :  J  f 

1  '  r  '..  ? ;  <>  BiJ  ,  KiA 

'  •  5f  •,  - 

-  .  ■■  f  ♦ 

.!  1  lU.t-Jol 

.  ■’*  » / 

.  f 

I**»f*H  J 

*  1  A  ‘ 

/>*  » 

J  ■  ■ 

' ' '  1 ^  ti  /  (.  t- 

;  t.  .  LutA 

! .  i*;(i>lfUl 

1  )  00 

■  ’  1 

'  ..  .n> 

«  T  ,*»  A  . 

*  ,  '  t  ,4 

.  .  ft  .  W 
1  U«i 

t  .«c 

O  ’  ■l4(  1  M  ^ 

!  ;  /  3  ^  it . 

.. .  f 

•  t  ^  ^  .  . 

1  ■  ■ .  It 

ftAft^ 

.,n 

.  ci  'jf* 

j  i : 

'• 

■*  ;tA*t 

t  •  • 

-1  1  ,.  t  4 

^  »  i 

f, 

1 '  '■  .'.■ 

<  ,  ^  t  4  .  'I 

/  i  i  >  5  \  t‘ 

»  'i 

.  ft 

•f'.' 

y  .  - 

f  rti  itXii' 

yi'  1*1 
.1901  «Mi 

.  'i.-if. .*  .  1^110 1: srtniA  '  •‘.r  t'-  4fpM  --'Jb 

r>4»  .f;r.  iAwi  ■,  .f 

.fv»*  ,1  :-or:fr''|M 

\L^  ,.4.W  .Nn*l«KTJtfl  J.St  ,ui:tt»H  .0) 

j.A.J 

•fitoii  MSI  aI  JfA4.’sX»  iuiiir^it^iv*¥ 

,(4«1  .d*Cdti«i 


>^-lL  ^ 

■  ^jUm 


-58- 


41.  Harken,  A.H.,  Barlow,  C.H.,  Harden,  W.R.  and  Chance, 

B. :  Two  and  three  dimensional  display  of  myocardial 

ischemic  "border  zone"  in  dogs.  Amer.  J.  Cardiol. 
42:954-9,  1978. 

42.  Harris,  C.N. ,  Kaplan,  M.A. ,  Parker,  D.P.,  Aronow,  W.S., 
and  Ellestad,  M.H.:  Anatomic  and  functional  correlates 
of  intercoronary  collateral  vessels.  Am.  J.  Cardiol. 
30:611-4,  1972. 

43.  Hearse,  D.J.,  Opie,  L.H.,  Katzeff,  I.E.,  Lubbe,  W.E., 
Van  Der  Werff,  T.J.,  Peish,  M.  and  Boulle,  G. : 
Characterization  of  the  "border  zone"  in  acute  regional 
ischemia  in  the  dog.  Am.  J.  Cardiol.  40:716-26,  1977. 

44.  Hearse,  D. J. :  Oxygen  deprivation  and  early  myocardial 

contractile  failure:  A  reassessment  of  the  possible 

role  of  adenosine  triphosphate.  Am.  J.  Cardiol. 
44:1115-21,  1979. 

45.  Herscher,  L.L.,  Siegel,  R.J.,  Said,  J.W. ,  Edwalds, 
G.M. ,  Moran,  M.M.  and  Fishbein,  M.C.:  Distribution  of 
LDH-1  in  normal,  ischemic,  and  necrotic  myocardium.  An 
immunoperoxidase  study.  Am.  J.  Clin.  Path.  81(2) :198- 
203,  1984. 

46.  Heymann,  M.A. ,  Payne,  B.D.,  Hoffman,  J.I.E.  and 

Rudolph,  A.M. :  Blood  flow  measurements  with 

radionuclide-labeled  particles.  Prog.  in  Cardiovasc. 
Dis.  20(l):55-79,  1977. 

47.  Hirzel,  H.O.,  Nelson,  G.R.,  Sonnenblick,  E.H.  and  Kirk, 

E.S.:  Redistribution  of  collateral  blood  flow  from 

necrotic  to  surviving  myocardium  following  coronary 
occlusion  in  the  dog.  Circ.  Res.  39 (2 ): 214-222 ,  1976. 

48.  Hirzel,  H.O.,  Sonnenblick,  E.H.  and  Kirk,  E.S.: 
Absence  of  a  lateral  border  zone  of  intermediate 
creatine  phosphokinase  depletion  surrounding  a  central 
infarct  24  hours  after  acute  coronary  occlusion  in  the 
dog.  Circ.  Res.  41 (5) : 673-683 ,  1977. 

49.  Hoffbrand,  B.I.  and  Forsyth,  R.P.:  Validity  studies  of 
the  radioactive  microsphere  method  for  the  study  of  the 
distribution  of  cardiac  output,  organ  blood  flow,  and 
resistance  in  the  conscious  rhesus  monkey.  Cardiovasc. 
Res.  3:426-32,  1969. 

50.  Irvin,  R.G.  and  Cobb,  F.R. :  Relationship  between 

epicardial  ST-segment  elevation,  regional  myocardial 
blood  flow  and  extent  of  myocardial  infarction  in  awake 
dogs.  Circulation  55 (6) : 825-32 ,  1977. 


,  -  f  J*  i  <  • 


““'  .  ‘x:  hi  Tin 

I  ^ ■>  I  ■/» 

.  ,t  •  '»  ’  -1  j,  >rj 
^  i  •  i  •• ..  ' 

■i*  '  f 

•  j-  ■•■.'< ., 


J.  K  ■  ■ 

I  .,  ;;  •  *4 

. .  %  ■;  •?i4\ 

1 1  .1 -I  ,, . . 

-  .•■:<  ! 
-  I 
'■  '■'  V 


■  '  .  I  J  M  i,  >>»  • 

.  -  ■ » i  ^ 

•■  ■'•- 

i  ■ 

■  ~  I  *■  -  «  90^ 

..1 

-  r  <**i  »lt9 

. .n>  ■'u*  .-’i;' v ii«i4 

.  ••.>-)  •  t 

' r  viHii 

5  f )  i  ■ ''' 

•;J  ■-t.jr '.’A*  i.-.*' 


i  «’  I MB 

VOX)  ImM 


-59- 


51.  Jaffe,  H.L.,  Corday,  E. ,  Alpern,  H.  et  al.:  Factors 
which  activate  the  coronary  collateral  circulation.  A 
study  with  radioactive  beads.  J.  Nucl.  Med.  4:201, 
1963  . 

52.  Janse,  M.J.,  Cinca,  J.,  Morena,  H. ,  Fiolet,  J.W.T., 

Kleber,  A.G. ,  DeVries,  G.P.,  Becker,  A.E.  and  Durrer, 
D. :  The  "border  zone"  in  myocardial  ischemia.  An 

electrophysiological,  metabolic,  and  histochemical 
correlation  in  the  pig  heart.  Circ.  Res.  44 (4) : 576-88 , 
1979. 

53.  Jennings,  R.B.,  Ganote,  C.E.  and  Reimer,  K.A. : 

Ischemic  tissue  injury.  Am.  J.  Pathol.  81:179-98, 
1975. 

54.  Jennings,  R.B.  and  Ganote,  C.E.:  Structural  changes  in 

myocardium  during  acute  ischemia.  Circ.  Res. 

34 (III) : 156-172 ,  Sept.  1974. 

55.  Joris,  I.,  DeGirolami,  U. ,  Wortham,  K.  and  Majno,  G. : 
Vascular  labelling  with  monastral  blue  B.  Stain  Tech. 
57 (3) : 177-183 ,  1982. 

56.  Jugdutt,  B.  and  Becker,  L. :  Microsphere  loss  from 

necrotic  myocardium  after  experimental  coronary  artery 
occlusion.  (Abstr.)  Circulation  56  (suppl  III):III-90, 
1977. 

57.  Kaihara,  S.,  Van  Heerden,  P.D.,  Migita,  T.  and  Wagner, 

H.N.  Jr. :  Measurement  of  distribution  of  cardiac 

output.  J.  Appl.  Physiol.  25 ( 6) : 696-700 ,  1968. 

58.  Kennedy,  J.W.,  Rithcie,  J.L.,  Davis,  K.B.  and  Fritz, 

J.K.:  Western  Washington  randomized  trial  of 

intracoronary  streptokinase  in  acute  myocardial 
infarction.  N.  Engl.  J.  Med.  309:1477-82,  1983. 

59.  Kent,  S.P.  and  Diseker,  M. :  Early  myocardial  ischemia. 
Study  of  histochemical  changes  in  dogs.  Lab.  Invest. 
4:398-405,  1955. 

60.  Kerber,  R.E.,  Marcus,  M.L.,  Ehrhardt,  J.,  Wilson,  R. 

and  Abboud,  F.M. :  Correlation  between 

echocardiographically  demonstrated  segmental  dyskinesis 
and  regional  myocardial  perfusion.  Circulation 
52:1097-1104,  1975. 

Lavallee,  M.  and  Vatner,  S.F.:  Regional  myocardial 

blood  flow  and  necrosis  in  primates  following  coronary 
occlusion.  Am.  J.  Physiol.  246 (4) :H635-H639 ,  1984. 


61. 


V'ri>tO'. 

•K.1  r  ^  t  ii  llOllfV# 

.  >•*  '.*  r 

,*i»**i*(Jl 

^  ■  •  •  ;  .Cl 

‘  ‘  ro  J  n 

I.  * 

r  { 


<.  •  '  I  I  I  r 

,  ,■  V  r 

•?.  i'r  •  t  ■  /  I .  •  T. 

*  '  s  \  0 

-  ,  r :  < 

.  '  .  »r1. 

^  •  ,  ■■  i  -  •  c  «  V 


f 


rkrfltfH 

*  TV  ai.w 

•■  '■.  '♦nrtikJI 

.  w  ,  .X. 

r  ' •iJni 

•r  .  /ll«N 

- .  .  1'.-  -  .  *  ,  ,  : ybuia 

r'.,  <*. 


;  4Whi 

■  ■'-i  1  >  J  ’  - 

\ti  X." 

.  ;  .  '  .W  ,»«ilf*V4k| 

Al  lij  fiii  Voil  bC4ii4l 

)«•!  .T.  »«A  .aol^vMo 


-60“ 


62.  Lavine,  P. ,  Filip,  Z.,  Najmi,  M. ,  Kimbiris,  D. ,  Segal, 

B.L.  and  Linhart,  J.W.:  Clinical  and  hemodynamic 

evaluation  of  coronary  collateral  vessels  in  coronary 
artery  disease.  Am.  Heart  J.  87(3): 343-9,  1974. 

63.  Lekven,  J.  and  Andersen,  K.S.;  Migration  of  15-micron 
microspheres  from  infarcted  myocardium.  Cardiovasc. 
Res.  14:280-287,  1980. 

64.  Leonard,  J.J.,  Einzig,  S.,  Burchell,  R. ,  Swayze,  C.R., 
Nicoloff,  D.M.  and  Fox.  I.J.:  Distributional  effects 
and  loss  of  microspheres  (MS)  in  canine  left 
ventricular  (LV)  myocardium  and  mesenteric  organs. 
(Abstr.)  Physiologist  20(4) :56,  1977. 

65.  Liedtke,  A. J. :  Alterations  of  carbohydrate  and  lipid 
metabolism  in  the  acutely  ischemic  heart.  Prog. 
Cardiovasc.  Dis.  23:321-9,  1981. 

66.  Lushnikov,  E.F.:  Histochemical  study  of  experimentally 
produced  myocardial  infarction.  Arkh.  Patol.  24:55-9, 
1963  . 


67.  MacClean,  L.D.,  Hedenstrom,  P.H.  and  Kim,  Y.S.: 

Distribution  of  blood  flow  to  the  canine  heart.  Proc. 
Soc.  Exp.  Biol.  Mie.  107:786-9,  1961. 

68.  Makowski,  E.L.,  Meschia,  G. ,  Droegemueller ,  G.W.  and 

Battaglia,  F.C.:  Measurement  of  umbilical  arterial 

blood  flow  in  sheep  placenta  and  fetus  in  utero.  Circ. 
Res.  23:623-31,  1968. 


69.  Marcus,  M.L.,  Kerber,  R.E.,  Ehrhardt,  J.,  Abboud,  F.M. : 
Three  dimensional  geometry  of  acutely  ischemic 
myocardium.  Circulation  52:254-263,  1975. 


70.  Marcus,  M.L.,  Heistad,  D.D.,  Ehrhardt,  J.C.  and  Abboud, 
F.M. :  Total  and  regional  cerebral  blood  flow 

measurement  with  7-10- ,  15- ,  25-,  and  50-um 

microspheres.  J.  Appl.  Physiol.  40(4):501-7,  1976. 


71.  Maroko,  P.R.,  Libby,  P. 
Shell,  W.E.,  Sobel,  B.E 
artery  reperfusion.  I. 
myocardial  function  and 
necrosis.  J.  Clin.  Invest 


Ginks,  W.R.,  Bloor,  C.M. , 
and  Ross,  J.Jr.:  Coronary 
Early  effects  on  local 
the  extent  of  myocardial 
51(10) :2710-16,  1972. 


72.  Maroko,  P.R. ,  Maclean,  D.  and  Braunwald,  E. : 

Limitation  of  infract  size:  Methods  of  reducing 

myocardial  oxygen  demand  and  extension  of  experimental 
approaches  to  man.  In:  Mason,  D.T.,  ed.  Advances  in 
Heart  Disease.  New  York:  Grune  and  Stratton,  1974;  pp 
111-32. 


^ 


;  ■:.*  >*'.t  :..  *,•..;«»  J'-H  ,  ”  ■  y, 

-  :<■  ^ 


'v* 


’  -..im 


,  ‘  7  #knr^^  ,  #  . 
»  ‘, .  V  rv-ti  ■'  *1 

■  '..4r%^'V 
•  :!>XA  ) 


■  -  ]  ,f .  ;/■' 


*  I  . 


1,  >  K 


:  ,'  i:  yJi.'i  ifJl^  ,  *»  * 
I p- *  i  ♦G 

I  .  *^'*71 

•  ,s  .1)  ^  f  * 

r  ?  •i(i»»ii>ax» 


.  ’  ■'  .X-  ^ 

.' ",  >uii/'i».'i  rx» 

<•,•.>  'j-W  .  '' 

.  V  »  XTN«:,^  -P. 

•,■■;■  <  .!f-  M  .»'i  IJiib'iAO^" 

,  n «.  w  I .•:^ I-J*'  .Z.'i  , o.stomw,  , .  t r 

•;;(«  !rv>,*'',’sr.  1  noLTn^tmX’S 

f*.i#  cikhjT^ 

■  x  iai  .Afiv  aJ 
•  I rsNit  %iA«  .mmmtrn  ...  ?  i*«l»  ,. ,. 

-Jl 


-61- 


73.  Maroko,  P.R.,  Deboer,  L.W.V.  and  Davis,  R.F.:  Infarct 

size  reduction:  A  critical  review.  In:  Vogel, 

J.H.K.,  ed.  Advances  in  Cardiology,  Vol.  27,  pp.  127- 
169,  1980.  S.  Karger  AG,  Basel. 

74.  Marshall,  W.G.,  Boatman,  G.B.,  Dickerson,  G. ,  Perlin, 
A.,  Todd,  E.P.  and  Utley,  J.R.:  Shunting,  release  and 
distribution  of  nine  and  fifteen  micron  spheres  in 
myocardium.  Surgery  79(6):631-7,  1976. 

75.  Mathey,  D. ,  Sheehan,  F. ,  Schofer,  J.  and  Dodge,  H. : 
Effects  of  early  revascularization  on  regional  left 
ventricular  function  in  acute  myocardial  infarction. 
J.  Am.  Coll.  Cardiol.  1:591-604,  1983. 

76.  McNamara,  J.J.,  Smith,  G.T.,  Suehiro.  G.T.,  Soeter, 
J.R.,  Anema,  R.J.,  Morgan,  A.L.  Jr.  and  Liao,  S.K.: 
Myocardial  viability  after  transient  ischemia  in 
primates.  J.  Thorac.  Cardiovasc.  Surg.  68  (2) : 248-56 , 
1974. 

77.  Meesmann,  W. ,  von  Krosigk,  S.,  Neumann,  M. ,  Martin,  C. , 
Hirche,  H. ,  Horacek,  T. ,  Sautter,  R.  and  Budden,  M. : 
Early  shunting  of  9-um  and  15-um  tracer  microspheres 
from  the  acutely  ischemic  canine  myocardium.  Basic 
Res.  Cardiol.  78:310-25,  1983. 

78.  Meyer,  D.K.  and  Purdy,  F.A. :  Cardiac  glycogen  of  rats 
during  and  following  acute  anoxia.  Am.  J.  Physiol. 
200(4) :860-62,  1961. 

79.  Miller,  R.R. ,  Zelis,  R. ,  Mason,  D.T.  and  Amsterdam, 

E.A. :  Relation  of  cornoary  collateral  vessels  to 

ventricular  function  in  patients  with  equal  extent  of 
coronary  artery  disease.  (Abstr.)  Circulation  44(suppl 
II):II-202,  1971. 

80.  Neely,  J.R.,  Whitmer,  J.T.  and  Rovetto,  M. J. :  Effect 
of  coronary  blood  flow  on  glycolytic  flux  and 
intracellular  pH  in  isolated  rat  hearts.  Circ.  Res. 
37:733-741,  1975. 

81.  Neutze,  J.M.,  Wyler,  F.  and  Rudolph,  A.M. :  Use  of 
radioactive  microspheres  to  assess  distribution  of 
cardiac  output  in  rabbits.  Am.  J.  Physiol.  215(2) :486- 
95,  1968. 

82.  Phelps,  M.E.,  Hoffman,  E.J.,  Huang,  S.  and  Kuhl,  D.E.: 

ECAT:  A  new  computerized  tomographic  imaging  system 

for  positron-emitting  radiopharmaceuticals.  J.  Nucl. 
Med.  19:635-47,  1978. 


.  - 
1.  J  ' 


.  i- ' '  ■  /  :<i/tmi  »3tim 

^  •:»••(<  v  ';.i.*;,  .  03  ,  .  ?(  .  H  .  T. 

'rei:co*j  ti&itaaftK  .4^ 

.•:jtj  i’ir.i\  "4oT  ^.y, 

-  n  '  *  '.•  f  .<  '  j,  <ii  t  i«  1  b 

/■.«;••*•: -fo  .lit:  ■: 

.-'  •  >*in3 

•  ?  .  /  v  !  -I  IVISV 

I  ’  ‘i'  vA  .  ' 

n  1  #4/..';.; .  '•>  '* 

*■ '  *  ^  «  .  *  • 

'  ,  Jw  •  I 

•  -  >  "  c  II 

*-'  ■.  ♦*  . 


■ .  ••  r  ..i>iif:  .  V  \’ 

■  ■  .  '•  '■»'*  .  j  t.M 

•'*  •  ‘  ■  ii'f;  t,  v  *  ml 

'  *  ■  .  .  •  I.  ‘.0  mr^J  va'.'i^ 

.  • '  J  :  /  ' 


( 


'  I  ■ '. 

■ .'  I  •_  f  V  •  '  .  ^  - 

•  ■'  f 

.  .*l 

■<.'.■  '  *  '.  <i  fi 

'..»■*  •  a  [ 

«  i.  .-jjk'.f 

.  I  '  *  ! 

\^Z(W  <  . 

t-  •T'^'  !  ^  < 

'  i  ^  I  /  i 

.  t '  i  I  • 


Y  .  r»v 
•  •  /ot> 

f  ,  iOn 

I .  A  e 

:  A*l\i  iriO 

■  I  .  Cl 
\n 

?  .'n  1-30  t 
-  L : ; re 


-  i  .  H .  L  _  .t€ 

*v.  -.T  ,  .  V  »  T  L:;-it9J9tU»^ 

f.  >  ’  .  »k-  I  I  *  JCM{.11/0  ocllllj:') 

.tA«x  ,e« 

:i  .a  w  ,itqi  lii":  .CP 

V  .->  ■  •  I ..  >  f  r  kcmn  A  'TA'ja 

.uvei 

.  •  3  • 


-62- 


83.  Phibbs,  R.H.  and  Dong,  L. :  Nonuniform  distribution  of 
microspheres  in  blood  flowing  through  a  medium-size 
artery.  Can.  J.  Physiol.  Pharmacol.  48:415-21,  1970. 

84.  Pianetto,  M.B.:  The  coronary  arteries  of  the  dog.  Am. 
Heart  J.  18 (4) : 403-10,  1939. 

85.  Pohlman,  A.G. ;  The  course  of  the  blood  through  the 
heart  of  the  fetal  mammal,  with  a  note  on  the  reptilian 
and  amphibian  circulations.  Anat.  Rec.  3:75-109,  1909. 

86.  Prinzmetal,  M. ,  Simkin,  B. ,  Bergman,  H.C.  and  Kruger, 

H. E.:  Studies  on  the  coronary  circulation.  II.  The 

collateral  circulation  of  the  normal  human  heart  by 
coronary  perfusion  with  radioactive  erythrocytes  and 
glass  spheres.  Am.  Heart  J.  33 (4) : 420-42 ,  1947. 

87.  Prinzmetal,  M. ,  Ornitz,  E.M.  Jr.,  Simkin,  B.  and 

Bergman,  H.C.:  Arterio-venous  anasteomoses  in  liver, 

spleen  and  lungs.  Am.  J.  Physiol.  152 ( 1) : 48-52 ,  1948. 

88.  Rasmussen  M.M. ,  Reimer,  K.A. ,  Kloner,  R.A.  and 
Jennings,  R.B.:  Infarct  size  reduction  by  propranolol 
before  and  after  coronary  ligations  in  dogs. 
Circulation  56(5):794-8,  1977. 

89.  Reduto,  L.A. ,  Smalling,  R.W. ,  Freund,  G.C.  and  Gould, 

K.L.:  Intracoronary  infusion  of  streptokinase  in 

patients  with  acute  myocardial  infarction:  Effects  of 

reperfusion  on  left  ventricular  performance.  Am.  J. 
Cardiol.  48:403-9,  1981. 

90.  Reimer,  K.A. ,  Lowe,  J.E.,  Rasmussen,  M.M.  and  Jennings, 

R.B.:  The  wavefront  phenomenon  of  ischemic  cell  death. 

I.  Myocardial  infarct  size  vs.  duration  of  coronary 
occlusion  in  dogs.  Circulation  56 (5) : 786-94 ,  1977. 

91.  Reimer,  K.A.  and  Jennings,  R.B.:  The  "wavefront 

phenomenon"  of  myocardial  ischemic  cell  death.  II: 
Transmural  progression  of  necrosis  within  the  framework 
of  ischemic  bed  size  (myocardium  at  risk)  and 

collateral  flow.  Lab.  Invest.  40 (6) : 633-644 ,  1979. 

92.  Reimer,  K.A.  and  Jennings  R.B.:  The  changing  anatomic 
reference  base  of  evolving  myocardial  infarction: 
Underestimation  of  myocardial  collateral  blood  flow  and 
overestimation  of  experimental  anatomic  infarct  size 
due  to  tissue  edema,  hemorrhage  and  acute  inflammation. 
Circulation  60  (4) : 866-76,  1979. 


i 


-j. 


l.-f 


.Sf,  • 


' ,.  "I' 


..  T 

;T»/, 

"•'U. 

.  'li .  ,  Q  t 

■  '1  ‘  /v>:a  : 

■  :,:i  .  1 

'0  ■Wv'T 

.  ..  .  ,  r}«r,l,i.fo-'i  .^'A 

<6  l)iv  : 

>■  '  )  '  '•",}  '  X''xtvi1 

•  »'■  ■  .1 '  'i  .2  i  ' 

i  -.  ,  .,  ,  V 

'■  *1  .' 

■  S  Ciplv,  ,  n 

>  ■■  ';.  "  li'  i. .  :  '  ■  1  .  ;o 

•  ■■  .  •'  ,  rT  'V  ’m  J  a.'.’  „ 

'■'  r^^;,  nc“?Jy 

.  .  I  ”  .  ..  f  "i 

,  t* 

.  '  ‘ 

•  .-  '  'i  ■"  >  I  '.'C’tT 

*■  ■  ■  .  '.  rt  J  .t  •■,.^.^.te/ 


V  'f 


,  ■  ,,  ■  .•.•"I-  r*  „  ,  o,  ur-tat-H 

.  ,  :  ‘OTO'i'ur:. •:  .3J 

♦..  ..  ..I'l,  .■*.  .  *  .■>  (••'••■fv  »■  ■  J  t  q 

■"tv'  '.w •*  I  'O  r»>.V'  1  fi>  ♦  ■■'  -i.ft 'j 


1  - 


"J  "  fc  >  .  .  :j  i 


. ^  ■flti  J 

■'  i*^t  IV 

J 


.ait 


* 

1  a 


<  -  -  .  T.  ^ 
1 


:  '■  -  I  <f>H 

'  l>  .‘.  I.  ■■■  rti- '. ,1? 

'  ,  :  ■  ■.  I  u.,:\.''aru.a  ^ 

'.j.c  5r* 

.  '  »  'J  i  1  '  «v,> 


»  tv  (»^>cj.a-x*  tm’t 

•r  ■  .  I  ^  vvV/*;,  ..la*  ;  e.T  .' :5oii»T-»4;<iy 

!,  :  ^  *<>  o  vj 

■/#’r  *r&iu; .  ,-v  ttdtA'&M  •«> ..sl  "r. : vj 


-63- 


93.  Rentrop,  K.P.,  Blanke,  H. ,  Karsch,  R.K.,  Kaiser,  H., 
Rostering,  H.  and  Leitz,  K. :  Selective  intracoronary 
thrombolysis  in  acute  myocardial  infarction  and 
unstable  angina  pectoris.  Circulation  63 (2 ): 307-15 , 
1981. 

94.  Rentrop,  K.P.,  Feit,  F.,  Blanke,  H. ,  Stecy,  P. , 
Schneider,  R. ,  Rey,  M. ,  Horowitz,  S.,  Goldman,  M. , 
Karsch,  K. ,  Meilman,  H. ,  Cohen,  M. ,  Siegel,  S.,  Sanger, 
J.,  Slater,  J. ,  Gorlin,  R. ,  Fox,  A.,  Fagerstrom,  R.  and 
Calhoun,  W.F.:  Effects  of  intracoronary  streptokinase 
and  intracoronary  nitroglycerin  infusion  on  coronary 
angiographic  patterns  and  mortality  in  patients  with 
acute  myocardial  infarction.  N.  Engl.  J.  Med. 
311:1457-63,  1984. 

95.  Rentrop,  K.P.:  Thrombolytic  therapy  in  patients  with 

acute  myocardial  infarction.  Circulation  71 (4) : 627-31, 
1985. 

96.  Rhodes,  B.A. ,  Zolle,  I.,  Buchanan,  J.W.  and  Wagner, 

H.N. :  Radioactive  albumin  microspheres  for  studies  of 

the  pulmonary  circulation.  Radiology  92:1453-60,  1969. 

97.  Rivas,  F. ,  Cobb,  F.R.,  Bache,  R.J.  and  Greenfield, 

J.C.:  Relationship  between  blood  flow  to  ischemic 

regions  and  extent  of  myocardial  infarction:  Serial 

measurement  of  blood  flow  to  ischemic  regions  in  dogs. 
Circ.  Res.  38  (5)  : 439-47 ,  1976. 

98.  Rudolph,  A.M.  and  Heymann,  M.A. :  The  circulation  of 

the  fetus  in  utero:  Methods  for  studying  distribution 

of  blood  flow,  cardiac  output  and  organ  blood  flow. 
Circ.  Res.  21:163-184,  Aug,  1967. 

99.  Sakai,  K. ,  Watanabe,  K.  and  Millard,  R.W. :  Defining 
the  mechanical  beorder  zone:  A  study  in  the  pig  heart. 
Am.  J.  Physiol.  249  (Heart  Circ.  Physiol.  18):H88-H94, 
1985. 

100.  Sakamaki,  T. ,  Corday,  E.,  Meerbaum,  S.,  Torres,  M.A.R., 
Fishbein,  M.C.,  Rit,  J.  and  Aosaki,  N. :  Relationship 
between  myocardial  injury  and  postextrasystolic 
potentiation  of  regional  function  by  two-dimensional 
echocardiography.  J.  Am.  Coll.  Card.  2:52-62,  1983. 

101.  Savage,  R.M. ,  Guth,  B. ,  White,  F.C.,  Hagan,  A.D.  and 
Bloor,  C.M. :  Correlation  of  regional  myocardial  blood 
flow  and  function  with  myocardial  infarct  size  during 
acute  myocardial  ischemia  in  the  conscious  pig. 
Circulation  64 (4) : 699-707 ,  1981. 


.A 


*  ArJ 

i  -w  £»n  « 

cti: 

f 'jfc'H:  lii'dmy'iftJ 

'i.  1  7' 

li  <'  \>n  .I!  •>  t  tin.j’wm;- 

’■*  i ...» •• 

»  I,  ,  . 

1 

f- 

O 

i  ^ 

.  .  -  ,  t.'< 

■  .iv  ,  ■■■^.  \ 

,  ■  Ir  ■ 

'  "L  ■  ■  *  r. ...  V  ..  t 

'.■'t''"  ?  'fi 

,  k  ,  0.  ••’.f  5  :  •♦...'? 

(•  .i  .. 

' '  ...r«  I..*'-  S '  i  '■"S.fi 

■'  ■•  ;  '  ,f  r.; 

I  '■■■  '  *■*  •*.*"(*■  1  •  .» 

■'  >:<«;■  "  ^  r  1  I 


'■  ,1  , 

r  '  *  •■ 

'  f  tJf'J  r, 

..  .*  .,  t  >'V»S'.4 

j  ■  ■"r.i.*- 

•  ■  ■■  ' 

Y  !  .  .>,/..  <(!  .. 

■(  .1 

XV 

1 ;  1.  ^ »  n.  . 

.  .  .  f. 

...  «iiic.  ;  ‘i 

.  ■.  '.  •  ■’> 

i  i  1 

'  '  '  '  '  '  ■  , 

■■ ;.  ■  '-'■Y  il  '» 

»,  1,  -. 

..’uY  art? 

’  ■!  '  ,  •" 

til  30 

A  ,  *■  I  ’  '  " 

*. *-..1'  .mi:) 

■  -■■■  '■»  ^  M  <■ . .  ■ '■■ 

.iui(AU 

.Ctt 

•*  .  r..'*!’  V  Z-f-t  i.'- . 

d-'/i 

.1  i  '  ,  .  >  * )  '!  .• '  >  •'  .  r.i 

‘.  <r)A 

■-  »■'  y 

.>  1-  ....  Uli  j  .rs 

T 

.  h  ,ii 

1/ m 

f  }'iU  l  i  :  ;■  <»l  ?..- 

.  i  1  oO  .  H\X  .  ^  .’i  ■■•.!; 

n(.‘  1  i  S  'm  Joq, 

,  .Jl.« 

■t'.  j  ':to  t  .t t  ,W.D  ,  Ttwlli 

■iv  :  i*  i  ^jovJk  rt>- i  b.«w>  VVi  H 

rti  >ei  A  a; 

.  0.  BiM  •:.  C  '  -C'Cd }  { noi  }r,iir»^  1*3 


".^X  '■■  ■  ... 


-64- 


102.  Schelbert,  H.R.,  Phelps,  M.E.,  Hoffman,  E.,  Huang,  S. 

and  Kuhl,  D.E.:  Regional  myocardial  blood  flow, 

metabolism  and  function  assessed  noninvasively  with 
positron  emission  tomography.  Am.  J.  Cardiol.  46:1269- 
77,  1980. 

103.  Schelbert,  H.R. ,  Henze,  E.,  Keen,  R. ,  Schon,  H.R., 

Hansen,  H. ,  Selin,  C. ,  Huang,  S.,  Barrio,  J.R.  and 
Phelps,  M.E.:  C-11  palmitate  for  the  noninvasive 

evaluation  of  regional  myocardial  fatty  acid  metabolism 
with  positron-computed  tomography.  IV:  In  vivo 

evaluation  of  acute  demand-induced  ischemia  in  dogs. 
Am.  Heart  J.  106 (4) : 736-50,  1983. 

104.  Scheuer,  J.:  Myocardial  metabolism  in  cardiac  hypoxia. 
Amer.  J.  Cardiol.  19:385-92,  1967. 

105.  Schon,  H.R.,  Schelbert,  H.R.,  Najafi,  A.,  Hansen,  H. , 

Huang,  H. ,  Barrio,  J.  and  Phelps,  M.E.:  C-11  labeled 

palmitic  acid  for  the  noninvasive  evaluation  of 
regional  myocardial  fatty  acid  metabolism  with 

positron-computed  tomography.  Am.  Heart  J.  103(4) :548- 
61,  1982. 

106.  Schon,  H.R.,  Schelbert,  H.R.,  Robinson,  G. ,  Najafi,  A., 

Huang,  S.,  Hansen  H. ,  Barrio,  J.,  Kuhl,  D.E.  and 
Phelps,  M.E.:  C-11  labeled  palmitic  acid  for  the 

noninvasive  evaluation  of  regional  myocardial  fatty 
acid  metabolism  with  positron-computed  tomography.  I: 
Kinetics  of  C-11  palmitic  acid  in  normal  myocardium. 
Am.  Heart  J.  103 (4) : 532-47 ,  1982. 

107.  Schwaiger,  M. ,  Schelbert  H.R. ,  Ellison,  D. ,  Hansen,  H. , 
Yeatman,  L. ,  Vinten-Johansen,  J.,  Selin,  C. ,  Barrio,  J. 
and  Phelps,  M.E.:  Sustained  regional  abnormal it ites  in 
cardiac  metabolism  after  transient  ischemia  in  the 
chronic  dog  model.  J.  Am.  Coll.  Card.  6 (2 ): 336-347 , 
1985. 

108.  Schwaiger,  M. ,  Fishbein,  M.C.,  Block,  M. ,  Hansen,  H. , 

Selin,  C. ,  Phelps,  M.E.  and  Schelbert,  H.R.: 
Heterogeneity  of  metabolic  and  ultrastructural 

abnormalities  during  acute  ischemia  in  canine 

myocardium:  noninvasive  assessment  by  positron  emission 
tomography.  In  press,  J.  Mol.  Cell.  Biol. 

109.  Segre,  G.  and  Silberberg,  A.:  Radial  particle 

displacements  in  Poiseuille  flow  of  suspensions. 

Nature  189:209-10,  1961. 

Shnitka,  T.K.  and  Nachlas,  M.M. :  Histochemical 

alterations  in  ischemic  heart  muscle  and  early 
myocardial  infarction.  Am.  J.  Pathol.  42 (5) : 507-27 , 
1963. 


110. 


Gt.'N  , 

i  V'*'-Vi  ;.  :i.i;  ' 

•Tt^  ,■■»-.  t  7 t,.,uv^  'i  ■?  I'Ocl.m 

.  ,-C 

ir  i\t  ..•  - 

>  '  ■  ■  ./I 

■■■■''  ■  .  '  . 

■  .■'■■  ‘  ,  ■'  ,  i  '\i  I 

■? '.  ■•'  "'.j  i‘'.  t ;  v 

n  ,  j-i  >  .!.  "f.* 


!■*»/-«' S' 

'  •■•■.■./  V  1 

■  ;  ..'  ,  > 

■■  ■'  .  .  I  i 


0  -  't  '  i 

>'  i/  W.  tiiiV  v, 

M  '  .  - -W  ■.-’♦*63.  J  *' 

■  i<:  ■■■  'I 

'■  ■'  ’  t  / 

,  > :  i  .  "t  1  V4T3 
- •• 

'  i. '  ■  n.  f  o 

•fifei 

.  ■  .  .1  I  *  'J? 

. . 

■  •  -  i./t  r  ofititi. 

-'■'Ifw'OYIi 

'  .  f  '  ■  0 

..i-i, i'  ,o:-.oi;i-ai 

»•  w  i  iT'-*  h  JUr  R  « ,.t '*  f  f 

1  >i  tttndttlk:!  «  i  ipMM  t ^ 

.  mj,  fuyt  >trs«t iti  tfti On  » 


-65- 


111.  Sladek,  T. ,  Filkuka,  J.,  Dolezel,  S.,  Vasku,  J., 

Hartmannova ,  B.  and  Travnickova,  J.:  The  border  zone 
of  the  early  myocardial  infarction  in  dogs;  its 

characteristics  and  viability.  Basic  Res.  in  Cardiol. 
79:344-349,  1984. 

112.  Sugishita,  Y.,  Kaihara,  S.,  Yasuda,  H. ,  lio,  M. ,  Murao, 

S.  and  Ueda,  H. :  Myocardial  distribution  of  blood  flow 
in  the  dog,  studied  by  the  labeled  microsphere.  Part 
I:  Method.  Jpn.  Heart  J.  12(1):50“9,  1971. 

113.  Theroux,  P. ,  Ross,  J.  Jr.,  Franklin,  D. ,  Kemper,  W.S. 
and  Sasayama,  S.:  Regional  myocardial  function  in  the 
conscious  dog  during  acute  coronary  occlusion  and 
responses  to  morphine,  propranolol,  nitroglycerine  and 
lidocaine.  Circulation  53 (2) : 302-14 ,  1976. 

114.  Theroux,  P. ,  Ross,  J.  Jr.,  Franklin,  D. ,  Coveil,  J.W., 

Bloor,  C.M.  and  Sasayama,  S.:  Regional  myocardial 

function  and  dimensions  early  and  late  after  myocardial 
infarction  in  the  unanesthetized  dog.  Circ.  Res. 
40(2) :158-65,  1977. 

115.  Utley,  J. ,  Carlson,  E.L.,  Hoffman,  J.I.E.,  Martinez, 

H.M.  and  Buckberg,  G.D.:  Total  and  regional  myocardial 
blood  flow  measurements  with  25-um,  15-um,  9-um  and 

filtered  1-10-um  diameter  microspheres  and  antipyrine 
in  dogs  and  sheep.  Circ.  Res.  34:391-405,  1974. 

116.  Vokonas,  P.S.,  Maisky,  P.M. ,  Paul,  S.J.,  Robbins,  S.L. 

and  Hood,  W.B.:  Radioautographic  studies  in 

experimental  myocardial  infarction.  Profiles  of 

ischemic  blood  flow  and  guantif ication  of  infarct  size 
in  relation  to  magnitude  of  ischemic  zone.  Amer.  J. 
Cardiol.  42:67-75,  1978. 

117.  Wagner,  H.N.  Jr.,  Sabiston,  D.C.  Jr.,  lio,  M. ,  McAfee, 
J.G.,  Meyer,  J.K.  and  Langan,  J.K.:  Regional  pulmonary 
blood  flow  in  man  by  radioisotope  scanning.  JAMA 
187 (8) : 601-3 ,  1964. 

118.  Wagner,  H.N.  Jr.,  Jones,  E.,  Tow,  D.E.  et  al.:  A 
method  for  the  study  of  the  peripheral  circulation  in 
man.  J.  Nucl.  Med.  6:150-4,  1965. 

119.  Wagner,  H.N.  Jr.,  Rhodes,  B.A. ,  Sasaki,  Y.  and  Ryan, 

J.P.:  Studies  of  the  circulation  with  radioactive 

microspheres.  Invest.  Radiol.  4(6):374-86,  1969. 

120.  Weiss,  E.S.,  Ahmed,  S.A.,  Welch,  M. J. ,  Williamson, 

J.R.,  Ter-Pogossian,  M.M.  and  Sobel,  B.E.: 
Quantification  of  infarction  in  cross  sections  of 
canine  myocardium  vivo  with  positron  emission 

transaxial  tomography  and  C-11  palmitate.  Circulation 
55(l):66-73,  1977. 


♦  I 

I  .  i 

-  <  t 


..t..  ,  T  ,3KU^«j[8 

s^. ■.’/■•' Y  .f{  . 

;*  M*!  „  '  ^  ',v'  -f  wilS? 

■  •  .  .  "  I.:',..'.  J«>;  1  V».v ':.  Hi,  •! 

'  1  ■■  ''III.  r  -  ,1  V  :  ; 

"  •  '  '''  ■  i  s  a..v  .  ■ '  <iT ,' 

•  ^  ■  *.  .H  t'V.l  M 

^K.':  ,'t.i 


I 


■  ;•■  fl 

i  '■  'i'  t 

;  ■  T  I  j*  'T  *  Jf 

•  .  '  III 


J'l 

\l 


t  i 


,  iJ  J 


f-V,  .  *•  .'  if 

•(  <•■■  3  *♦  17 


I  t  f 


i  .  .  (T» 

I  »  4 

*•  -Mil.  Vi'  V  t 

•.  '•••Mi 


:  I  *• 


’  [ 


I  'll 

1 1»  "I 


f  f 


■  *  f  r 

I  » * 


ft  w  .t/-M 

-'■-i-v  •  ■'  .  -J  M  rttii*  uX  'ij 

«  .  .  S  liO,  •  •■?  -  ,.8.1 

.....  -c-  n .  I  jik'iiti  Pimav 

1  o -r^  rnmlMam 

'A'  i V Xalwaiinit 

rvfi  .cw#t  cow 


-66- 


121.  Weissler,  A.M. ,  Kruger,  F.A. ,  Baba,  N. ,  Scarpelli, 

D.G.,  Leighton,  R.F.  and  Gallimore,  J.K. :  Role  of 

anaerobic  metabolism  in  the  preservation  of  functional 
capacity  and  structure  of  anoxic  myocardium.  J.  Clin. 
Invest.  47J403-16,  1968. 

122.  White,  F.C.,  Sanders,  M.  and  Bloor,  C.M. :  Regional 
redistribution  of  myocardial  blood  flow  after  coronary 
occlusion  and  reperfusion  in  the  conscious  dog.  Am.  J. 
Cardiol.  42:234-243,  1978. 

123.  Williams,  D.O.,  Amsterdam,  E.A.,  Miller,  R.R.  and 

Mason,  D.T.:  Functional  significance  of  coronary 

collateral  vessels  in  patients  with  acute  myocardial 
infarction:  Relation  to  pump  performance,  cardiogenic 

shock  and  survival.  Am.  J.  Cardiol.  37:345-51,  1976. 

124.  Ya,  P.M. ,  Guzman,  T. ,  Loken,  M.K.  and  Perry,  J.F.  Jr.: 
Isotope  localization  with  tagged  microspheres.  Surgery 
49:644-50,  1961. 

125.  Yipintsoi,  T. ,  Dobbs,  W.A.  Jr.,  Scanlon,  P.D.,  Knopp, 
T.J.  and  Bassingthwaighte,  J.B.:  Regional  distribution 
of  diffusible  tracers  and  carbonized  microspheres  in 
the  left  ventricle  of  isolated  dog  hearts.  Circ.  Res. 
33:573-87,  1973. 

Zolle,  I.,  Thodes,  B.A.  and  Wagner,  H.N.  Jr.: 
Preparation  of  metabolizable  radioactive  human  serum 
albumin  microspheres  for  studies  of  the  circulation. 
Int.  J.  Appl.  Radiat.  Isot.  21:155-67,  1970. 


126. 


,  m..#.  txt 

.i' ..,  ■  *  t  if  j  •.-  > '  •■‘' i  i 


, 

t  'J*'* 

.K'tjC 

/i  - 

^  . 

.  '<♦ 

vNi'  ,i‘  ►'54  !,  '■••  .<^1 

.  ■  !'■ 

r  0 

'•'  i'. 

.  '  w  t  V'tirtf'i- 

*  .  .'  * 

,,  idf*.  ??  i’  .' 

.  HI 

•  ■  ...  ■>. 

r 

t  jd 

'  '  A  ii' 

>■  ' 

j()  )  '1  O  ''.i  V  * 

:' 

■') 

V 

■‘(  .'  :-  ...  r.'J'  '* 

;  ,..  .y 

,.  1 

.o 

-,'"■  ■  f 

- 

'  .  • 

-  * 

.'  ■  - 

L.  »,  'SviV*  '^cw  I 

1 

- 

'.  e# 

1  -  J 

.  1 

,  '’4 1 1 

ifli 

,■  V  :j 

bfi# 

.  .^Ti 

•  / 

tj  - 

1  '  ^  j  1 

»■  “t .’ 

f  •d.; 

, 

’  '*  c 

,  M  .*  I'-.  yi*  I  ^  i  t'HI-I  I'OJI  « 

f.  ■  '  ,..-1  'Vi  n'tf.i 

•’ .'  ,.-!•■■■  •«  niwtudii# 

♦•  I  <  f-  (  ?’/®i*^.  ,  ,.  rj.^A  €•  t  Itt  I 


-67- 


0 
•  > 

CO 

X 


c 

0 

O) 

O 

O 

o  o 


O  .E 
y>  o  (0 

O  ^  CO 

E  ^  CO 
0  .2  < 

O  O  0. 
T-'  c\i  CO 


>^  O) 
j:z  .E 
Q.  c 
2  0 

o  ^ 
o  O 
-0  h* 
CL  1- 


Q. 

0 


O) 


S.E 


c 

o 

O 


C\J  CO 


ELgurg  1 :  Diagram  Showing  Disposition  of  Ventricular  Slices  after  Sacrifice  of 

Experimental  Animals 
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FLqur_e_2a:  Example  of  Monastre!  Blue  Dye  Staining  Used  to  Delineate 
Underperfused  Myocardium;  Dog  #6 
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Fiaure  2b:  Example  of  PAS  Staining  of  Giant  Histologic  Sections  Used  to 
Delineate  Glycogen-Depleted,  Ischemic  Myocardium;  Dog  #7 
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Fiaure  2c:  Example  of  TTC  Staining  Used  to  Delineate  Necrotic 
Myocardium:  A  Large  Transmural  Infarct;  Dog  #9 

Note:  A)  Margin  of  Blue  Dye  Staining  Peripheral  to  Margin  of  TTC  Staining  (arrows),  and 
B)  Sites  of  E.M.  Biopsies 
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I  I  Prior  to  Occlusion 


Myocardium  not  Ischemic  not  Necrotic  Myocardium 

n=9  n=3  n=3  n=5 

Figure  3:  Mean  Myocardial  Blood  Flow  to  Normal,  Underperfused  but 
not  Ischemic,  Ischemic  but  not  Necrotic  and  Necrotic  Myocardium 
prior  to  and  following  a  3  hour  LAD  Occlusion 


'Mean  (ml/min/IOOgm)  ±  S.E.M. 
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Figure  4a:  Ultrastructural  Findings  in  Normal  Myocardium 
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FiaurG  4b:  Ultrastructural  Findings  in  Tissu©  from  th©  Und©rp©rfLis©d  Zon© 

Note;  Absence  of  cell  swelling,  normal  mitochondria,  no  loss  of  glycogen,  but  increased  lipid 

droplets  (arrows) 
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Figure  4c:  Ultrastructural  Confirmation  of  Ischemia  without  Necrosis  in 

the  Glycogen-Depleted  Zone 


Note:  Intracellular  edema,  mild  swelling  of  mitochondria,  wide  l-bands  and  loss  of  glycogen 
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Figure  4d:  Ultrastructural  Confirmation  of  Necrosis  in  TTC  Negative 

Myocardium 

Note:  Clumping  and  margination  of  nuclear  chromatin,  swollen  mitochondria  with  matrix 
densities,  and  disruption  of  mitochondria!  and  sarcolemmal  membranes 
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NECROTIC  ZONE 

Mean  Size  =  1 2%  of  LV 
Mean  Flow  =  6  ±  3  ml/min/1  OOmg 


ISCHEMIC  BUT  NOT  NECROTIC  ZONE 

Mean  Size  =  15%ofLV 

Mean  Flow  =  26  ±  3  ml/min/1  OOmg 


UNDERPERFUSED  BUT  NOT  ISCHEMIC 
OR  NECROTIC  ZONE 

Mean  Size  =  7%  of  LV 

Mean  Flow  =  68  ±  5  ml/min/1  OOmg 


Figure  5:  Schematic  Representation  of  Histochemically  Delineated 
Regions  of  Myocardium  Showing  the  Central  Necrotic  zone  within  an 
Ischemic  zone,  within  an  Underperfused  zone 
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Necrotic  Myocardium 
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Heart  Rate  and  Blood  Pressure  prior  to  and  following  LAD  Occlusion 
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Mean  Myocardial  Blood  Flow  to  Normal  Myocardium  and  the  Area  at  Risk 
prior  to  and  following  LAD  Occlusion 
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Mean  Myocardial  Blood  Flow  prior  to  and  following  LAD  Occlusion 
Normalized  to  Preocclusion  Values 
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Mean  Myocardial  Blood  Flow  prior  to  and  following  LAD  Occlusion  Expressed  as 
%  of  Simultaneous  Flow  in  Normal  Myocardium 
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